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PART  I.  The  carrier  concentration  and  mobility,  as  measured  by  the  Hall  effect, 
have  been  onnlyred  by  computer, for  a aerlea^gf  boijon-doped  silicon  samples  ■ H- 
Impurity  densities  between  10lJ  ci»  end  lO10  cm".  The  determination  or  ;!•>• 
density  of  compensating  donors  from  both  types  of  analysis  Is  In  good  aprnenv: t. 
Die  effect  of  the  noo-parebollclty  of  ths  silicon  valence  band  on  the  tcmiv  fu- 
ture dependence  of  the  mobility  has  been  Investigated.  Good  agreement  as  n>  r 
temperature  dependence  of  the  mobility  hes  been  found  when  the  valence  ''.mo  a" 
paraboltcUy  Is  taken  Into  account  in  the  analysis  of  the  mobility. 
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20  ABSTRACT  (cont.) 


(PART  I.)  Scattering  by  ionized  and,  neutral  impurities  and  acoustic  and 
optical  phonons  has  been  included  in  the  nobility  analysis. 

PART  II,  Three  types  of  metal  inpurities  were  diffused  into  lead-tin 
telluride  and  their  effect  on  the  electrical  and  optical  properties  of 
the  host  material  was  investigated.  It- was  observed  that  antimony, 
cadmium  and  a mixture  of  cadmium  and  indium  all  can  turn  p-type  lead- 
tin  telluried  into  n-type,  but  the  physical  characteristics  of  the  tin 
telluride  into  n-type,  but  the  physical  characteristics  of  ttj|  dog^d 
materials  differ  considerably..  When  Cd  was  diffused  into  cm 

p-|^pe  ^bSn)Te,  we  obtained  material  with  free  electron  density  of 
10A  cm  . Comparison  of  the  temperature  dependence  of  the  Rail,  coefficient, 
mobility  and  the  optical  energy  gap  revealed  close  similarity  to  results  ob- 
tained from  measurements  on  pure  annealed  n-type  (Pb,Sn)Te.  Antimony  dif- 
fused.^ ad- tjin  telluried,  on  the  other  hand,  has  free  electron  concentration 
of  1(j  cm  which  is  the  same  order  of  magnitude  as  the  hole  density  of  the 
aa-grown  crystal.  In  both  cases,  the  as-grown  and  the  Sb  diffused  materials, 
strong  degeneracy  is  observed.  Using  Cd  and  Sb  diffusion  techniques,  sensi- 
tive photodiodes  have  been  fabricated  and  detailed  photoresponse  measure- 
ments were  performed.  From  these  data  the  fundamental  absorption  edge 
behavior  was  investigated.  The  results  have  been  compared  with  data  ob- 
tained from  transmission  measurements  and  with  theoretical  calculations. 

In  the  case  of  the  degenerate  material  a shift  in  the  fundamental  absorption 
edge  was  observed.  This  behavior  is  in  agreement  with  our  calculations 
based  on  a model  suggested  by  Burstein.  Photoconductivity  measurements  on 
the  above  materials  could  not  be  done  since  the  free  carrier  concentration 
was  too  high.  However,  when  we  diffused  lea^-tin  telluride  with  a source 
of  cajgi urn- indium  alloy,  a resistivity  of  1QJ  ohm-cm  and  carrier  density 
of  10  were  measured  at  77K.  Photoconductivity  measurements  were  carried 
out  on  this  material.  From  spectral  response  analysis  and  x-ray  examina- 
tion it  was  concluded  that  both  the  optical  energy  gap  and  the  crystal 
lattice  parameter  increased  as  a result  of  the  diffusion. 

PART  111.  Crystal  growth  of  Hg.  Cd  Te  *>y  naans  of  solid  state  re  crystal- 
lization and  slush  rec.rystallizatfon  nas  been  examined  in  this  study.  For 
solid  state  recrystalli zotton  the  parameters  were  found  to  be  the  quench 
rate,  the  anneal  temperature  and  the  partial  pressure  of  mercury  at  the 
anneal  temperature.  For  material  with  x».20  optimal  valves  for  these 
parameters  are  50  4/ir.ln.  b90°C,  and  20  atm.  respectively.  For  slush 
m-rys Lai  11 zation  the  critical  parameter  Is  the  temperature  gradient 
in  which  crystal  growth  occurs.  A gradient  of  10*C/cra  has  been  used 
In  this  study.  Crystal  quality  was  determined  by  Berg-Bar re tt  X-rav 
topography. 
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'h  Work  on  infrared  detectors  was  started  at  Syracuse  University,  in 
February  1948/under  Air  Force  contract  W 33-0 38  AC  15160,  It  was  continued 

' M 

under  successive  Air  Force  contracts  until  1975.  The  research  has  repre- 
sented a continuing  effort  in  the  development  and  analysis  of  new  infrared 
detector  materials,  the  construction  of  detectors  from  these  materials  as 
well  as  measurement  and  analysis  of  the  parameters  of  these  detectors.  The 
two  most  important  accomplishments  of  the  work  at  Syracuse  University  have 

* 

been  the  development  of  the  first  liquid  nitrogen  cooled  detector  in  the  3-6  pm 
range  to  be  used  in  the  U.  S.  aircraft  (PbTe),  and  the  first  detector  in  the 
8-16  pm  range  which  did  not  require  liquid  helium  but  could  be  operated  with 
mechanical  coolers  (GetHg).  In  addition,  a great  deal  of  progress  has  been 
made  in  developing  test  techniques,  in  preparing  and  understanding  the  behavior 
of  impurities  in  InSb  and  in  Ge,  Most  recently,  p and  n typo  impurities  in 
silicon  have  been  studied.  Currently  both  UgCdTe  and  PbSnTe  are  being  pre- 
pared in  our  laboratory  and  an  effort  is  being  made  to  prepare  better  and  more 
reproducible  material  and  to  understand  the  behavior  of  both  materials,  j.,- 

During  the  tenure  of  the  Air  Force  Contracts  there  have  been  moro  than' 

50  publications  in  scientific  journals.  Most  have  boon  results  of  our  research, 
some  have  been  review  papers.  In  addition,  there  have  been  many  invited  talks 
at  scientific  meetings  such  as  the  American  Optical  Society,  the  Symposium  on 
Molecular  Spectroscopy,  the  National  Aerospace  Conference  und  at  classified 
"»>.'Mngs  such  as  IRIS.  Below  uiu  some  representative  puhll rations. 
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Oscillatory  Photoconductivity  in  InSb 
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Measurement  of  Lifetime  in  Photoconductors  by  Means  of  Optical  Beating 
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A by-product  of  this  work  on  detectors  has  been  the  training  of  a large 
nutter  of  scientists  on  a Ph.  D. , M.  S.  and  B.  S.  level  who  now  staff  many  of 
the  infrared  and  semiconductor  laboratories  in  government  and  industry  and 
universities.  A representative  list  is  given  below 
Santa  Barbara  Research  Center 

Donald  Bode,  Pater  Bratt,  Howard  Davis,  Frank  Renda,  Paul  Chia, 

Arthur  Lockwood. 
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Chancing  Ulchter,  William  Engoler. 
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Timothy  Braggins. 

U.  S.  Government 

Marvin  Looser  (Chiof  Scientist  U.  S.  Array),  Docn  Mitchell  (NSF). 

John  Stannard  (NRL),  Paul  LoVecchio  (NVL-U.  S.  Army). 

University 

Curl  Stannard  ( SUNY,  Binghamton),  Claude  Ponchlna  (Unlv.  of  Hass.) 
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Because  of  the  diversity  of  work  performed  on  this  contract,  this  final 
report  is  being  issued  in  four  parts,  each  with  its  cam  table  of  contents  and 
references.  Part  1 is  "Analysis  of  Carrier  Concentration  and  Mobility  in  Boron- 
doped  Silicon".  Part  IX  is  "Absorption  Edge  Shift  in  Heavily  Doped  Lead-Tin 
Telluride".  Part  1X1  is  "Crystal  Grcwth  and  Analysis  of  HgCdTe",  Part  IV, 
the  Appendix,  is  ».  reprint  of  a paper  "Impurity  and  Lattice  Scattering  Parameters 
as  Determined  from  Hall  and  Mobility  Analysis  in  "n"  Type  Silicon".  This  work 
was  performed  while  this  contract  was  in  force.  Tire  work  in  Part  X of  this 
report  was  performed  by  Timothy  Braggins,  in  Part  II  by  Moahe  Lanir,  and  Part  III 
by  Kevin  Riley.  Mr.  Chin  Shlh  Huang  is  currently  working  on  junction  characteris- 
tics of  PbSnTe.  This  work  is  of  preliminary  nature  and  is  not  reported  here. 

As  Project  Director  of  this  and  proceeding  contracts  beginning  in  1948, 

I would  like  to  thank  my  students  both  past  and  present  for  their  efforts. 

Without  them,  this  work  would  not  have  been  possible.  I would  also  like  to 
express  my  appreciation  to  the  administrators  at  Wright  Patterson  APB  who,  over 
Che  years,  have  approved  contracts  and  permitted  them  to  continue  uninterrupted 
until  1975.  Above  all  I would  like  to  thank  Mr.  Thad  Pickcnpaugh  who,  as  project 
engineer,  has  helped  me  when  he  could,  lies  encoursged  me  when  I needed  encourage- 
ment and  has  seen  to  it  that  our  work  has  gone  on  smoothly  and  successfully. 

‘y  ,...  ,/l  — 

Hen ry  Levinstoin 


Project  Dlroctor 
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CHAPTER  I 
IHTRODUCTIOB 

The  goal  of  this  study  has  been  to  measure  and  compare  vith 
theory  the  temperature  dependence  of  the  hole  mobility  in  p-type  sili- 
con. Under  the  influence  of  an  electric  field  the  free  charge  carriers 
in  a semiconductor  will  acquire  a drift  velocity.  This  drift  velocity 
is  the  net  result  of  the  moeientum  gained  by  the  carrier  from  the  electric 
field  and  the  momentum  lost  due  to  collisions  which  tend  to  randomize 
the  carrier's  momentum.  The  mobility  is  defined  as  the  magnitude  of 
the  drift  velocity  per  unit  electric  field.  The  different  types  of 
collisions  which  the  carriers  undergo  will  determine  the  drift  velocity 
and  thus  the  mobility.  For  temperatures  above  absolute  zero  the  in- 
herent thermal  motion  of  the  crystal  lattice  will  provide  an  upper  limit 
to  the  mobility.  Also,  impurities,  vhich  disrupt  the  periodicity  of  the 
lattice,  can  cause  scattering  of  the  carriers.  At  low  temperatures 
scattering  by  ionized  and  neutral  impurities  will  predominate,  while  at 
higher  temperatures  scattering  by  lattice  vibrations(acoustlc  and  optical 
phonons)  will  predominate.  Thus,  in  calculating  the  mobility  over  sub- 
stantial temperature  intervals  one  must  account  for  all  of  the  above 
scattering  mechanisms. 

The  Ball  effect  has  been  used  to  measure  the  carrier  concentration 
and  mobility  as  a function  of  temperature  for  a series  of  boron-doped 
silicon  samples.  Boron-doped  silicon  vas  chosen  since  boron  is  the 
shallowest  acceptor  in  silicon  and  this  material  is  widely  available. 

Boron  is  a Oroup  III  substitutional  acceptor  in  tllioon.  The  four  valeooe 
electrons  of  the  Oroup  IV  silicon  atom  fora  covalent  bonds  with  its  four 


nearest  neighbors  of  the  diamond-type  crystal  lattice.  When  a boron 
atom  replaces  one  of  the  silicon  atoms,  there  will  be  only  three  elec- 
trons available  for  the  covalent  bonds  ted  consequently  one  bond  will  be 
incomplete.  Boron  is  therefore  termed  an  acceptor  because  it  can 
"accept"  an  additional  electron  to  complete  the  covalent  bond.  In 
realistic  material  there  also  will  be  Group  V impurities  which  can 
"donate"  their  extra  electron  not  required  for  bonding  with  the  silicon 
atoms.  When  there  are  more  acceptors  than  donors  the  material  will  be 
p-type.  The  extra  electrons  from  the  donors  can  complete  the  bond 
missing  due  to  the  boron  atoms.  This  process  is  call  compensation.  The 
missing  electron  from  an  uncompensated  boron  acceptor  can  be  considered 
as  a positively  charged  hole.  At  low  temperatures  the  hole  will  be 
bound  to  the  boron  impurity  atom  by  the  coulomb  potential.  However,  at 
high  temperatures  the  hole  will  have  enough  thermal  energy  to  be  ex- 
cited from  the  bound  state  and  move  freely  throughout  the  crystal.  Thus, 
as  the  temperature  changes,  the  density  of  thermally  excited  carriers 
can  change  by  many  orders  of  magnitude.  From  an  analysis  of  the  data 
for  carrier  concentration  as  a function  of  temperature,  the  density  of 
acceptors  and  compensating  donors  may  be  obtained. 

The  mobility  at  low  temperatures  is  sensitive  to  the  density  of 
compensating  donors  due  to  ionised  impurity  scattering.  A comparison 
of  the  calculated  mobility  vith  the  measured  mobility  will  also  allow 
us  to  dstermine  tbs  density  of  compensating  donors.  Agreement  in  deter- 
mining the  donor  density  hy  the  two  methods  is  one  means  of  evaluating 
the  validity  of  the  mobility  theory.  The  mobility  theory  is  also  evalu- 
ated by  a detailed  comparison  betveen  the  temperature  dependence  of  the 
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calculated  and  measured  mobility. 

The  different  scattering  mechanisms  vhich  contribute  to  the  mobility 
have  different  temperature  and  energy  dependences,  and  the  computational 
tasks  Involved  in  these  calculations  can  become  quite  formidable.  For 
this  reason  ve  have  used  digital  computers  utilizing  numerical  methods 
and  curve  fitting  techniques  in  analyzing  our  data. 

Transport  properties  such  as  mobility  are  related  to  the  crystal's 
band  structure  through  the  particular  energy  versus  wave  vector  relation- 
ship. For  the  silicon  valence  band  the  constant  energy  surfaces  are 
warped  rather  than  spherical  and  at  higher  energies  away  from  the  band 
edge  the  valence  hand  becomes  non-parabolic.  This  non-parabolic ity  has 
a marked  effect  on  the  temperature  dependence  of  the  mobility  and  plays  a 
key  role  in  the  explanation  of  our  experimental  results.  The  valence  bond 
structure  is  considered  in  detail  in  Chapter  II.  The  approximations  we 
have  used  in  describing  tbe  valence  band  and  the  effect  of  the  valence 
bond  structure  on  the  effective  mass  of  the  carriers  is  discussed.  The 
energy  level  of  the  boron  acceptor  etate  and  its  excited  state  spectrum 
are  also  given. 

In  Chapter  III  ve  present  the  theory  by  wbicb  we  bave  calculated  the 
mobility.  The  relaxation  times  for  tbe  different  types  of  scattering  as 
modified  by  a non-parabolic  band  structure  are  given.  Tbe  adjustable  para- 
meters used  to  compare  the  theory  vith  the  experimental  results  are  ex- 
plained. Also  presented  are  the  details  of  the  analysis  of  carrier  con- 
centration as  a function  of  temperature. 

The  experimental  techniques  and  apparatus  ve  have  used  In  measuring 
the  Hall  effect  are  described  in  Chapter  IV.  The  constraints  of  theory 


and  their  effect  on  our  measurements  are  discussed. 


Our  experimental  results,  namely  carrier  concentration  and  motility 
as  a function  of  temperature,  are  given  in  Chapter  V.  The  motility  theory 
formulated  in  Chapter  III  is  compared  with  our  experimental  results  and 
the  determination  of  the  parameters  used  in  the  motility  analysis  i3 
discussed.  Good  agreement  is  found  for  the  density  of  compensating 
donors  when  the  motility  analysis  is  compared  with  the  analysis  of  the 
carrier  concentration  data. 

Our  results  are  examined  in  the  light  of  the  published  work  of  other 
authors  in  Chapter  VI . 

We  present  a summary  of  our  results  and  the  conclusions  drawn  from 
them  in  Chapter  VII. 


CHAPTER  II 


THE  SILICON  VALENCE  BAND 


A.  Valence  Band  Structure 

The  valence  band  structure  of  silicon  has  been  calculated  from 
theory  by  Kane.'*'  It  consists  of  three  bands  vhich  are  termed  the  light 
hole  band,  the  heavy  hole  band  and  the  split-off  band.  The  light  and 
heavy  hole  bands  are  degenerate  at  the  Brillouin  tone  center  (k  * 0) 
while  the  third  band  is  displaced  downward  in  energy  (split  off)  at  k ■ 0 
by  the  spin-orbit  coupling.  The  constant  energy  surfaces  of  the  light 
and  heavy  hole  bands  are  warped  rather  than  spherical.  They  can  be 
described  for  small  k by  the  familiar  energy  versus  wave  vector  relation- 


E « Ak2t  (bV  + C2(k2  k2  * k2  k2  + k2  k2)]l/2  , (1) 

x y y z z x 

where  k “ |k|  , i corresponds  to  the  heavy  and  light  hole  bands  respec- 
tively, and  A,  B,  and  C are  the  inverse  mass  band  parameters.  Although 
varped,  the  bands  are  parabolic  (E  * k ) as  described  by  equation  (1). 
However,  for  larger  values  of  k away  from  the  band  edge  the  bands  become 
non-parabolic.  Indeed  for  certain  directions  in  k-space,  the  light 
hole  band  becomes  almost  as  heavy  as  the  heavy  hole  band! 

Kane  has  determined  the  valence  energy  band  structure  of  silicon 
from  the  general  secular  equation  vhich  can  be  written  in  a convenient 
form  where  k can  easily  be  represented  in  polar  coordinates  k,  0,  ♦. 

In  the  following  ve  have  slightly  modified  the  notation  of  Asche  and 
3 

Borteszkovakl . 
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The  secular  equation  is 


6 U ? 

ak  + bk  + ek  + d = 0,  (2) 

with 

a = (A  + 2B)(A  - B)2  -3C2y(A  - B)  + (H  - 3B2)(2H  + 3B)  q , 
b = 3(A2  - B2  - t*C2)(E  - ~)  , 

c = 3AE(E  - |ij 

d = E2  (E  - A)  , 

o 2 2 2 2 

vi  = sin~0(3in  8cos  $sin  $ + cos  0)  , 

!)  2 2 2 
q = sin  Ocos  Ooos  '$8in  $ , 

where  E is  the  hole  energy  counted  positively  from  the  band  edge  (as  will 
be  done  so  throughout  this  work) , A is  the  spin-orbit  splitting  energy, 

A,  B,  and  C are  the  inverse  mass  band  parameters,  and  H is  a cyclotron 

2 2 2 

resonance  constant  related  to  B and  C by  H = 3C  + 9B  . The  solutions 

of  equation  (2)  are  complicated  functions  of  energy  and  direction  and 

j* 

only  approximate  analytical  solutions  have  been  obtained.  If  the  inter- 
action between  the  light  and  heavy  hole  bands  and  the  split-off  band 

is  Ignored,  the  resulting  general  secular  equation  will  factor  into  a 

2 2 2 
part  quadratic  in  k and  a part  linear  in  k‘.  The  E versus  k relation- 
ship given  by  equation  (l)  is  an  exact  solution  of  the  quadratic  factor 

5 

while  the  linear  factor  describes  the  split-off  band.  In  this  limit 

(E  <<  A),  all  three  bands  become  parabolic.  We  shall  consider  this  limit 
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in  choosing  the  form  of  our  solution  of  equation  (2). 

For  the  mobility  calculation  we  have  simplified  the  hand  structure 
by  isotropically  averaging  over  the  different  directions  of  k.  The 

t 

spherically  averaged  values  of  the  angular  dependent  quantities  p 
and  q together  with  the  other  constants  required  in  equation  (2)  are 
listed  in  Table  I.  Taking  the  energy,  E,  as  a parameter,  we  have 

solved  for  the  roots  of  equation  (2)  using  the  Newton-Raphson  method. 

2 

The  spherically  symmetric  solutions,  k = F(E),  for  the  three  bands  are 

2 

shown  in  Figure  1.  For  a parabolic  band  a graph  of  E versus  k would 
yield  a straight  line.  The  departure  from  linearity,  thus  demonstrating 
the  non-parabolic ity  of  the  bands,  is  evident  from  Figure  1.  For  a 
non-parabolic  band  the  effective  mass  is  no  longer  a constant  but  de- 
pends on  energy.  The  appropriate  energy  dependent  effective  mass  for  a 

6 7 

spherical  non-parabolic  energy  band  is  given  by°* 

l/m‘(E)  = (l/fi2k)aE/3k.  (3) 

As  mentioned  above  the  bands  become  parabolic  as  the  energy  approaches 
zero.  With  this  limit  in  mind  we  define  the  solutions  of  the  secular 
equation  to  be  of  the  form 

k2  = (Em'/f^b^E)  , (U) 

« 

where  i is  an  index  for  the  band  considered,  is  the  effective  mass 
in  a region  close  to  the  bond  edge,  and  Yj(E)  is  a function  of  the  energy 
such  that  Y,(E)  “ E.  With  the  dispersion  relation  in  a fora  as  given 
in  equation  (U)  , we  obtain  for  the  energy  dependent  effective  mass 
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(5) 


mi  (E)  = y£(E)  , 

where  y^(E)  = 3y^(E)/3E.  In  the  limit  of  low  energies  the  dispersion 

relation  (It)  reduces  to  that  of  a spherical  parabolic  band  with  an  effec- 
* 

tive  mass  nu  . The  "band  non-paraholicity  can  be  characterized  by  the 

2 

change  in  slope  of  the  E versus  k curve  of  Figure  1 as  the  energy 

2 # o 

increases.  This  change  in  slope,  ( 3k^/3E)/(2m^/ dS  ) = y^(E),  is 
plotted  as  a function  of  energy  in  Figure  2.  The  parabolic  limit 
reached  at  low  energies  is  clearly  evident. 

For  the  band  structure  as  given  in  Figure  1,  we  have  obtained  for 

the  band-edge  average  effective  mass  of  the  light  holes,  * .153  me  , 

» 

and  of  the  heavy  holes,  m = .503  m > where  m is  the  free  electron 
& fi  a 

2 

mass.  With  these  effective  masses  and  the  k versus  E values  from 
2 

Figure  1,  we  have  fit  k to  t polynomial  in  powers  of  E.  These  poly- 
nomial expansions  for  the  Y^tE)  are  given  in  Appendix  X.  As  the  split-off 
hand  is  separated  in  onorgy  at  k = 0 from  the  light  and  heavy  hole 
bands,  it  is  of  considerably  less  importance  in  transport  calculations. 

For  tills  reason  we  have  assumed  a parabolic  dispersion  relation 

k|  = (2m*/  *2)(E  - A)  (6) 

* X 

with  an  effective  mass  m = .234  m . Thus,  in  the  notation  used  for 
j o 

the  dispersion  relation  in  equation  (4)  , we  have  Yj(E)  ■ E - A. 

B.  Impurity  states 

Impurity  states  in  silicon  and  germanium  have  been  of  considerable 
theoretical  and  experimental  interest.  The  ground  state  and  excited 
state  binding  energies  and  the  degeneracies  of  these  states  have  been 


o 

calculated  for  neutral  hydrogenic  acceptors  in  silicon  by  Schechter 
9 

and  Mendelson  and  Shultz.  Both  authors  have  used  a variational  approach 
to  find  the  energy  eigenvalues  of  the  impurity  state  in  the  effective 
mass  approximation.  Some  recent  work  has  emphasized  the  difference 
betveen  terms  in  the  effective  mass  Hamiltonian  with  cubic  symmetry  and 
those  with  cubic  as  well  as  spherical  symmetry.  ^ Other  work  has 

involved  the  use  of  pseudopotential  theory  to  describe  the  potential  of 
12 

the  impurity  atom. 

The  spacing  between  the  ground  state  and  some  of  the  excited  states 
and  the  degeneracies  of  the  states  has  been  determined  experimentally 
by  an  analysis  of  infrared  absorption  spectra. -rj1Rse  spaclngs 
are  shown  in  Figure  3 for  the  boron  Impurity  in  silicon.  The  energy 
differences  between  the  ground  state  and  several  of  the  excited  states 
have  been  used  in  our  analysis  of  the  carrier  concentration  as  a func- 
tion of  temperature.  The  formulation  of  the  carrier  concentration  and 
mobility  analysis  are  given  in  the  following  chapter. 


CHAPTER  III 


FORMULATION  OF  MOBILITY  AND  CARRIER  CONCENTRATION  ANALYSIS 

A calculation  of  the  hole  mobility  in  silicon  is  quite  complex. 

The  peculiarities  of  a degenerate,  warped  and  non-parabolic  valence  band 
require  a theory  which  has  not  yet  been  formulated  in  complete  general-' 
ity.  Scattering  by  acoustic  and  optical  phonons,  and  ionized  and 
neutral  impurities  must  all  be  accounted  for  to  describe  the  mobility 
over  wide  temperature  ranges.  In  addition,  interband  as  well  as  intra- 
band scattering  must  be  considered.  As  each  scattering  mechanism  has 
its  own  dependence  on  carrier  energy,  a simple  closed  form  expression  for 
the  total  mobility  as  a function  of  temperature  cannot  be  obtained.  We 
shall  first  discuss  each  of  the  four  scattering  mechanisms  and  then  take 
up  the  task  of  comtiil  ,g  then  -output'  the  mro .! itv.  ..vtXv,  we 
shall  consider  n method  for  the  analysis  of  the  carrier  concentration 
as  a function  of  temperature. 

Using  the  spherically  averaged  valence  band  structure  given  in 
Chapter  II,  vc  have  been  able  to  remove  the  varped  nature  of  the  valence 
band  from  the  mobility  calculation.  Using  a spherical  rather  than  a 
warped  band  has  been  considered  by  Costato  et  al.^  to  be  a reasonable 

approximation  since  the  ohmic  mobility  is,  by  symmetry  for  cubic  crystals, 

17 

a scalar  quantity.  Also,  Lavaetz  has  shown  that  the  warped  nature 
of  the  valence  bund  will  not  alter  the  temperature  dependence  of  tne 
acoustic  mobility  but  only  its  magnitude.  As  the  magnitude  of  the  acous- 
tic phonon  contribution  to  the  mobility  is  s parameter  which  will  be 
determined  by  fitting  the  mobility  ihoory  to  the  experimental  data,  such 

effects  will  be  contained  in  tills  constant. 
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The  non-parabolicity 


# 

y^W  the 


valence  band  also  introduces  an  addi- 


tional complexity.  Acoustic  phonon  scattering  in  non-parabolic  bands  has 


Ac g\ 
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been  considered  by  ^^liffe.  Optical  phonon  and  ionized  impurity 
scattering  have  beeg^considered  by  Barrie.^  The  procedure  used  by 

.c 


these  authors  to  include  the  hand  non-paraholieity  consisted  of  modi- 
fylng  the  relaxation  time  for  a given  scattering  process  hy  replacing 
the  energy  independent  effective  mass  of  the  parabolic  band  by  the 
energy  dependent  effective  mass  of  the  non-parabolic  band.  Of  course,  the 
appropriate  dispersion  relation  for  the  non-parabolic  band,  equation  (U), 

also  must  be  used  in  calculating  the  relaxation  time  in  order  to  obtain 

19 

the  proper  energy  dependence.  Zawadski  and  Szymanska  have  pointed 
out  that  this  is  not  the  only  correction  which  should  be  made.  The 
relaxation  time  for  elastic  scattering  can  bo  vrltten  os 
1/t(E)  « p(E)W(E),  where  p(S)  is  the  density  of  states  per  unit  energy 
and  W(E)  is  the  scattering  probability.  Hadcliffe  and  Barrie  have 
correctly  modified  the  density  of  states.  However,  tho  scattering 
probability  must  also  bo  modified  by  using  proper  carrier  vavofunctions 
for  a non-parabolic  band.  Zawadski  and  Szymnnska  have  calculated  the 
relaxation  times  for  several  scattering  processes  for  electrons  in 
InSb  taking  those  considerations  into  account.  Hovever,  this  has  not 
been  done  for  holes  in  non-parabolic,  degenerate  valence  bands.  In  our 
calculation  of  tho  mobility  we  have  used  relaxation  times  appropriate  to 

degenerate,  parabolic  valence  bands  and  modified  thorn  according  to  the 

6 i ft 

prescription  of  Barrie0  and  of  Radcliffc. 


ij 


The  relaxation  time  for  a given  scattering  process  is  denoted  by 
where  a is  the  scattering  process  under  consideration  and  the 


subcripts  i and  J indicate  the  initial  and  final  hand  respectively  of 
the  scattered  carrier.  Thus,  i f J for  interhand  scattering  and  i = j 
for  intraband  scattering  where  i,j  = 1,2,3  for  the  three  hands  con- 
sidered. Interband  scattering  has  been  considered  only  between  the  light 
and  heavy  hole  hands  and  only  for  the  acoustic  phonon  scattering  process. 
We  shall  now  discuss  each  of  the  four  scattering  mechanisms  and  define 
their  relaxation  times. 

We  have  based  our  treatment  of  the  acoustic  phonon  scattering 

20 

mechanism  on  the  theory  of  Bir,  Normantus  and  Pikus.  This  theory 
differs  from  simpler  treatments  of  mobility  in  degenerate  valence  hards 
in  that  different  relaxation  times  are  found  for  the  light  and  heavy 
holes.  Also,  interband  as  well  as  intrahond  scattering  is  included. 

Using  the  procedure  outlined  by  Bir  ot  al.,  we  have  evaluated  the  relaxa- 

21 

tion  times  for  scattering  by  acoustic  phonon3.  The  relaxation  times 

can  bo  expressed  in  terms  of  a single  constant,  t , which  controls  the 

overall  magnitude  of  acoustic  phonon  scattering.  We  have  included  non- 

10 

parabolicity  In  a manner  olrt'ilar  to  Radcliffe.  We  thuo  obtain: 
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where  x = E/kT,  y^(x)  is  given  hy  y^E)  = kTy^U),  and  Y^(x)  ^Y^xl/Bx. 

The  relaxation  time  for  scattering  hy  non-polar  optical  phonons 
has  been  given  by  Convell.  ' Barrie"  has  discussed  the  modifications 
required  fot  a non-parabolic  band  structure.  The  intraband  relaxation 
time  ao  obtained  is: 


T°P 

Tii 


T1/2  Ve(n 


1/2 


(x  y'(x  ♦. 


r)  + (n  + 1) 


Y^t* 


YjU  -|)1 


i =»  1,8.3  (8) 

83 

where  0 = 730  K is  the  zone-center  optical  phonon  energy  for  silicon, 
tQ  is  the  constant  which  determines  the  magnitude  of  the  acoustic  phonon 
scattering,  W is  the  relative  coupling  strength  of  the  holes  to  the 

q/t  ~l 

optical  phonon  mode  compared  to  the  acoustic  phonon  mode,  and  n = (e  ' -1) 
is  the  number  of  optical  phonons.  The  first  term  in  the  brackets  in 
equation  (3)  corresponds  to  opticel  phonon  ab.i^rbtion  while  tho  second 
term  in  the  brackets  corresponds  to  optical  phonon  emission  and  ie  in- 
cluded only  when  this  ie  energetically  possible  (x  > 0/T). 

Scattering  by  ionized  impurities  with  a screened  coulomb  potential 

2b  25 

has  been  considered  using  tho  theory  of  Brooks,  Herring,  and  Dingle. 
Relaxation  times  for  several  diffe, tat  impurity  potentials  have  been 
calculated  by  Selur  who  has  considered  the  approximations  involved  and 
tho  range  of  validity  for  the  different  theories.  Barrie^  has  considered 
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the  modifications  required  due  to  the  non-parabolic  band  structure. 


The  relaxation  time  is; 

x nt  W*  Vj(x)  (m^x))'3^ \ 
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p'  = p ♦ (p  + »4)tl  - (p  ♦ V/Na]  • (U) 

and  H » 2N  + p.  N and  H,  are  the  acceptor  and  donor  concentrate  03 
Id  ad 

respectively,  p is  the  hole  density,  q is  the  magnitude  of  the  electronic 
charge,  and  c is  the  dielectric  constant  of  silicon  which  ve  have  taken 
as  11.7  in  evaluating  the  above  expressions. 

Scattering  by  neutral  impurities  in  semiconductors  has  been  considered 
by  Erginsoy2^  who  analysed  the  analogous  problem  of  electron  scattering 
by  hydrogen  atoms.  Using  a scaled  Bohr  radius  lie  obtained 


■x  fi2.  20 
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where  N = N -N  -p  is  the  density  of  noutral  impurities.  Brooks 
Had 

has  suggested  the  use  of  the  geometric  mean  mass  for  evaluating  the 
scaled  Bohr  rodiuo  term  while  on  effective  mass  appropriate  to  the 
mobility  evaluation  should  be  used  for  the  other  effective  mass  in  the 
above  equation.  In  evaluating  the  ocaled  Bohr  radius,  wo  have  used  the 
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density  of  states  effective  mass  (here  taken  as  .591me)  and  for  the 
mobility  mass  ve  have  used  the  appropriate  energy  dependent  effective 
mass.  Since  acceptors  in  silicon  are  not  strictly  hydrogenic,  ve  have 
also  included  an  adjustable  parameter.  A,  in  the  relaxation  time  for 
neutral  scattering.  This  adjustable  parameter  has  previously  been 

found  necessary  in  analyzing  the  mobility  of  deep  impurities  (copper) 
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in  germanium  and  also  for  n-type  impurities  in  silicon.  We  thus  have: 


2.I123  10-6 


tu  f'(x) 


i = 1,2,3  . 


(13) 


Having  obtained  relaxation  times  for  the  various  scattering  pro- 
cesses here  considered,  ve  must  combine  them  appropriately  to  obtain 
the  mobility.  Approximate  methods  such  as  computing  the  mobility  for 
each  scattering  process  and  inversely  adding  the  partial  mobilities  can 
cause  considerable  error.  * We  have  inversely  added  the  relaxation 
times  for  the  different  scattering  processes  to  obtain  a combined  relaxa- 
tion time 


a 


11*1) 


where  a denotes  the  different  scattering  processes.  The  mobility  is 
calculated  separately  for  each  band  and  then  summed  after  being 
weighted  by  the  hole  density  in  a given  band.  Thus, 


u a 
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£ P 
i°l 


Mi/.I,pi 

i°l 


(15) 


where  e is  the  total  mobility  and  e^  is  the  mobility  in  bond  i.  The 
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hole  density  in  band  i is  given  by 


P,  = — W"  t (E)  d\  i = 1,2,3  . (16) 

1 (2n)30  0 1 

where  fQ(E)  is  the  equilibrium  Boltzmann  distribution.  Performing  the 
angular  integration  in  equation  (l6)  and  using  the  dispersion  relation, 
equation  (4)  , to  change  from  an  integral  over  all  k to  an  integral  over 
the  energy  (in  dimensionless  notation),  we  obtain  for  the  mobility 


where 


and 


U = l m*3/2I  V / E m*3/2I  i = 1,2,3  , 

i=l  i=l 


Xi  1 " 1.2. 

1/2 


t „ -VkT 

3 2 


(17) 


(18a) 
(18b)  . 


20 

With  the  inclusion  of  interband  scattering  as  given  by  Blr  et  ol  , , we 
have  written  the  mobility  of  the  individual  bands  as: 


ui  ° * 


m,(E)T  r 

4 J1)  Hi  *.  i * J,  i “ 1.2  , (19a) 

"i<E>  1 


= !<— 
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(198) 


where 


6 = 1- 


T11T22 

TI2T21 


(20) 


and  <A(x)>j  , the  average  over  the  Boltzmann  distribution,  is 

7 ■}? 

given  by  * 

<A(x)>  = A(x) Y?/2(x)e“xdx  //"Y3/2(x)e“Xdx  i = 1,2  (12&) 

i 0 1 0 1 
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For  the  parabolic  split-off  band  ve  have  the  familiar  result 

<A(z)>,  = — rvr  / A(z)z^2e  Zdz  , (21b) 

3 3„l/2  o 

vhere  z = x-A/kT.  We  have  explicitly  denoted  the  energy  dependence 

£ V 

of  the  effective  mass  by  m^(E)  (=  y'(x))  in  the  mobility  ex- 

pressions for  the  light  and  heavy  holes.  In  the  cases  vhere  there  are 
ratios  of  effective  masses  (the  parenthesized  term  in  equation  (19a)  and 
in  equation  (7d)),  ve  have  also  considered  the  energy  dependent  m^(E). 
Hovever,  ve  have  found  that  neglecting  the  energy  dependence  of  the 
ratios  of  effective  masses  in  these  terms  resulted  in  a negligible 
difference  (a  maximum  of  0, 3?  at  300  K)  in  the  lattice  scattering 
limited  mobility. 

Several  parameters  rn  the  relaxation  times  for  the  different  types 
of  scattering  remain  to  be  determined.  These  parameters  vill  be  ob- 
tained from  a mobility  analysis  by  fitting  the  mobility  theory  to  the 
experimental  data.  The  numerical  fitting  process  is  discussed  in  the 
following  chapter  and  the  determination  of  the  parameters  from  the 
experimental  data  is  discussed  in  Chapter  V. 

Having  obtained  suitable  expressions  for  an  analysis  of  the  mobility, 
ve  now  turn  to  an  analysis  of  the  carrier  concentration  data  as  a 
function  of  temperature.  Obtaining  an  accurate  and  valid  determination 
of  the  carrier  concentration  from  the  measured  Hall  coefficient  requires 
careful  experimental  technique.  We  shall  defer  a discussion  of  these 
points  to  the  following  chapter  and  here  briefly  present  our  method  for 
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analyzing  the  carrier  concentration  data. 

For  the  range  of  temperatures  measured  in  these  experiments  the 
carrier  concentration  is  determined  by  the  impurities  present  in  the 
silicon  samples.  The  concentration  of  thermally  excited  holes,  p,  can 

be  expressed  in  terms  of  the  acceptor  density,  N^,  the  donor  density,  N^, 

33 

and  the  density  of  states  in  the  valence  band,  Ny,  as 
p(p  + N^)  Ny  expt-E^/kT) 

(Na  - Hd  - p)  = g + Egjexpt-Ej/kT)  ’ (22) 

where  E is  the  acceptor's  activation  energy,  g is  the  ground  state 
a 

degeneracy,  and  g^  and  E^  are  respectively  the  degeneracies  and  separ- 
ation in  energy  from  the  ground  state  of  the  excited  states.  We  have 
included  the  first  three  excited  states  and  taken  their  energies,  as 

shown  in  Figure  3,  to  be  30. Up  raeV,  3U.52  meV,  and  38.39  meV  above  the 
13 

ground  state.  We  have  used  a degeneracy  of  U for  the  ground  state 

lU  15 

and  the  three  excited  states.  * Although  for  completeness  we  have 
included  the  effects  of  the  excited  states,  this  will  have  a very  minor 

influence  on  the  carrier  concentration  due  to  the  large  separation 

3U 

between  the  ground  state  and  the  excited  states.  By  fitting  equation 

(22)  to  the  experimental  data  (p  as  a function  of  T),  the  parameters 

N , H. , N . and  E can  be  determined, 
a d v’  a 

The  density  of  states  in  tho  valence  band  requires  additional  com- 
ment. The  density  of  states  is  given  by 

Ky  « 2(2sm*kT/h2)3/2  , (23) 
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In  certain  cases  ve 


* 

where  m^  is  the  density  of  states  effective  mass. 

15  3/2 

have  taken  H = 2.19x10  T corresponding  to  a density  of  states 

effective  mass  of  .591  m • However,  the  non-paraholic  band  structure 
e 

and  the  corresponding  energy  dependent  effective  masses  imply  that  the 

density  of  states  in  the  valence  band  will  have  an  additional  temper- 
35 

ature  dependence.  Barber  has  calculated  the  temperature  dependence 

of  the  density  of  states  effective  mass  using  a simplified  model  of  the 

valence  band  structure.  We  have  obtained  results  similar  to  those  of 

Barber  using  the  valence  band  structure  described  herein.  The  resulting 

temperature  dependence  of  the  effective  mass  is  shown  in  Figure  U. 

These  values  have  been  fitted  to  a polynomial  in  the  temperature  to  ob- 
it 

tain  i0j(T)  for  which  the  explicit  polynomial  expansion  is  given  in 
Appendix  IX.  This  additional  temperature  dependence  has  been  included 
for  comparison  in  the  density  of  states  of  the  valence  band  in  some 
of  our  analyses  of  the  carrier  concentration  as  a function  of  temperature. 


CHAPTER  IV 


EXPERIMENTAL  METHODS 

A.  Sample  Preparation 

The  "boron-doped  silicon  used  in  this  study  was  commercially  grown 
material  part  of  which  was  obtained  through  the  courtesy  of  P.  Norton 
(Bell  Laboratories),  J.Stannard  (Naval  Research  Laboratories),  and 
A.  Honig  (Syracuse  University).  Most  crystals  were  grown  by  the 
float-zone  technique  with  the  growth  direction  along  the  <11I>  crystallo- 
graphic axis.  The  crystal  orientation  was  determined  by  Laue  back- 
reflection  x-ray  photography.  Sample  slices  were  cut  from  the  crystal 
perpendicular  to  the  di;  tion  of  growth.  Bridge  shaped  samples  suitable 
for  Hall  measurements  were  cut  from  the  slices.  The  samples  were 
oriented  for  the  Hall  measurements  such  that  the  magnetic  field  was 
in  the  growth  direction,  <111>  , and  the  electric  field  was  along  the 
<110>  axis.  Sample  Si:B-8  was  oriented  such  that  the  magnetic  and 
electric  fields  were  parallel  to  the  <001>  and  the  <100>  directions, 
respectively. 

yi 

Contacts  wore  made  to  the  etched  samples  by  aluminum  spot  welds.  ' 
These  areas  were  then  rhodium  plated  and  leads  were  attached  to  the 
rhodium  plating  with  indium  solder.  Contacts  made  in  this  manner,  al- 
though somewhat  mechanically  fragile,  were  electrically  suitable  for  the 
currents  and  voltages  employed  in  the  Hall  effect  measurement.  The  samples 
were  mounted  with  General  Electric  No.  7031  varnish  on  a sapphire  plate 
which  was  soldered  to  the  cold  finger  of  a helium  research  dewar. 
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B.  Measurement  Apparatus 


Hall  measurements  were  performed  by  standard  potentiometrie  methods 
when  the  sample  impedance  was  low.  For  sample  impedances  greater  than 
10^  ohms,  a Keithley  Model  6l0B  electrometer  with  an  input  impedance  of 
lO^  ohms  was  used.  An  accuracy  of  it  was  obtained  for  the  electro- 
meter measurement  by  using  a Keithley  Model  160  digital  voltmeter  to 
display  the  unity  gain  output  of  the  electrometer.  Using  a Honeywell 
Model  278k  potentiometer  with  a Leeds  and  Northrup  Model  983k  electronic 
null  detector,  voltages  could  be  resolved  to  better  than  one  microvolt 
in  the  low  sample  impedance  region.  The  working  voltage  for  the  poten- 
tiometer was  provided  by  a Honeywell  Model  2890  guarded  D.C,  power 
supply.  The  matchbox  and  all  connections  were  carefully  guarded  and 
isolated  from  ground  to  reduce  electrical  pickup.  This  arrangement  is 

shown  in  Figure  5.  The  sample  isolation  from  ground  was  better  than 

12 

2 xio  ohms.  Measurements  vere  limited  to  sample  impedances  of  less 
than  lO10  ohms  due  to  the  prohibitively  long  RC  risetime  of  the  measured 
voltages  at  higher  impedances. 

The  magnetic  field  for  the  Hall  measurements  was  provided  by  a Varian 
(VU00U ) It  inch  electromagnet  with  a current  regulator  (V2301A)  and 
a magnet  power  supply  (V2300A).  Magnetic  fields  as  high  as  20  kilo-  ' 
gauss  could  be  obtained  with  a one-half  inch  pole  separation.  The 
magnetic  field  strength  was  monitored  by  a itawson  Model  820  rotating 
coil  fluxmetor  with  a stated  accuracy  of  O.lH  when  used  with  an  external 
galvanometer. 

The  temperature  was  measured  by  calibrated  platinum  resistance 
and  carbon  resistance  thermometers.  The  carbon  resistor  was  an  Allen- 
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Bradley  100  ohm,  1/10  watt  model  TR  which  was  calibrated  between 
2 K and  100  K with  a Cryocal  1000-1.5-100  germanium  resistance  ther- 
mometer mounted  in  place  of  the  sample.  A Rosemount  Engineering 
Model  ll8LX  platinum  resistance  thermometer  was  purchased  with  a factory 
calibration.  This  calibration  agreed  with  the  germanium  resistance 
thermometer  where  a comparison  between  the  two  was  possible  (up  to 
100  K) . The  carbon  resistance  thermometer  was  used  to  measure  the 
temperature  below  30  K,  while  above  30  K the  platinum  resistance  ther- 
mometer was  used.,, 

C.  Measurement  Theory 

Galvanomagnetic  effects  in  semiconductors  have  been  discussed  in 
detail  by  Beer.^  Put ley ^ has  discussed  the  Hall  effect  primarily 
emphasizing  the  experimental  aspects.  The  Hall  coefficient,  R,  is 
defined  in  terms  of  the  measured  quantities  as: 

K = V 't  X06/  i B cm3  coulomb-1  (2U ) 

H 

where  is  the  Hall  voltage,  t is  the  sample  thickness  in  centimeters, 
i is  the  current,  and  B is  the  magnetic  flux  density  in  gauss.  The 
geometry  is  such  that  the  current  is  along  the  length  of  the  sample 
and  perpendicular  to  the  mugnetie  field.  The  magnetic  field  is 
parallel  to  the  sample  thickness.  The  current  curriers  are  deflected  in 
the  magnetic  field  due  to \the  Lorentz  force  giving  rise  to  the  trans- 
verse Hall  voltage.  The  Hall  mobility  is  defined  as  the  ratio  of  the 
Hall  coefficient  and  the  resistivity  p,  where  p is  in  ohm-ern.  Thus, 

Pjl  = R/p  cm'VVolt  see.  (25) 

As  a Hall  measurement  requires  the  use  of  both  electric  and  magne- 
tic fields,  the  effects  of  these  fields  upon  the  measurement  must  be 


considered.  Due  to  the  charge  carriers'  random  motions  while  in 
thermal  equilibrium  with  the  crystal  lattice,  the  carriers  will  have 
a distribution  in  energy  characteristic  of  the  thermal  equilibrium 
conditions.  In  this  equilibrium  distribution  the  carriers  will  have 
an  average  thermal  energy  on  the  order  of  kT.  When  an  electric  field 
is  applied  to  the  sample,  the  carriers  will  acquire  a drift  velocity 
and  thus  gain  energy  from  the  electric  field.  For  the  carriers' 
energy  distribution  to  remain  unchanged,  the  energy  gained  from  the 
electric  field  must  be  small  compared  to  the  average  thermal  energy. 

This  requires  that  (uE)  m / 2«kT.  For  p-type  silicon  this  require- 
ment must  be  satisfied  for  both  the  light  and  heavy  holes.  As  the 
mobility  of  the  light  holes  is  larger  than  that  of  the  heavy  holeB, 
the  light  holes  will  provide  the  more  restrictive  requirement  on  the 
electric  field.  For  an  electric  field  of  one  volt  per  centimeter  and 
temperatures  of  10  and  100  K,  the  light  hole  mobility  must  be  less 
than  It.lixlO^  and  l.ltxlO^  em^/V  sec,  respectively.  As  the  mobility  de- 
pends on  the  density  of  impurities,  the  allowable  electric  field 
strength  will  vary  from  sample  to  sample.  Pure  samples  at  low  tempera- 
tures will  provide  the  most  stringent  limitation.  Our  Hall  measurements 
have  in  general  bean  made  at  electric  fields  of  less  than  0.1  volts/cm 
which  should  have  a negligible  effect  on  the  carriers'  energy  distri- 
bution. Several  samples  have  been  checked  over  a range  of  electric 
field  strengths  to  be  certain  that  the  electric  field  was  not  large 
enough  to  influence  the  measurement. 

The  magnetic  field  dependence  of  the  Hall  coefficient  has  received 
considerable  experimental  and  theoretical  attention.  An  excellent  review 


of  this  subject  has  been  given  by  Beer  in  Galvariorsgnetic  Effects  in 
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Semiconductors . For  valence  semiconductors  sue h as  p-type  germanium 
and  silicon,  a successful  theory  must  take  into  aecccnt.  the  degenerate 
coupled  bands,  the  anisotropic  nature  of  the  bands,  and  the  inclusion  of 
interband  scattering.  For  p-type  silicon  the  non-parabolic 5 Ly  of  the  bands 

should  also  play  an  important  role.  Several  detailed  treatments  of  gal- 
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vanomagnetic  effects  have  been  given,  notably  those  of.  3ir  and  Pikus 
1*0 

and  Lavaetz.  However,  the  numerical  calculations  of  LavaeVz  still  do 
not  agree  with  the  experimental  value  of  the  Ha'll  facto'’,  r,  at  77  K L» 
p-type  germanium^.  The  Hall  factor  is  defined  by  r = Rv  where 

R(0)  and  R(®)  are  the  values  of  the  Hall  coefficient  as  the  magnetic  field 
approaches  zero  and  infinity,  respectively. 

For  sufficiently  high  magnetic  fields  several  simplifications  occurs 
in  the  magnetic  field  dependence  of  the  HtiLl  coefficient . This  regime  is 
known  as  the  high-field  limit  and  is  reached  when  tne  produ  iiB  bce»:  uses 

Q ry 

greater  than  10  cuc gauss/ Volt  sec.  In  the  high-fi*0i  ' , tu-  i'.; 
coefficient  is  simply  related  to  the  carrier  concentration  ly'5 

R = — . ,>Q) 

pq 

We  have  been  able  to  satisfy  the  high-field  limit  for  several  of  our 
samples  between  h K and  120  K.  It  should  be  noted  that  in  the  V;v  field 
limit  the  Hall  coefficient  is  not  simply  related  to  th»*  carrier  (■■h.cmi- 
tration  because  the  Hall  factor,  r,  must  be  taken  into  account.  The 
conductivity,  o,  is  given  by  the  expression 


o 3 pqu 
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This  mobility,  defined  in  terms  of  the  conductivity 


If  or.  termed 


the  conductivity  or  drift  mobility.  By  a comparison  between  this 
expression  for  the  drift  mobility  and  the  previously  given  expression 
for  the  Hall  mobility,  we  see  that  when  the  Hall  coefficient  is  measured 
in  the  high  field  limit,  and  thus  simply  related  to  the  carrier  con- 
centration, the  drift  mobility  and  the  Hall  mobility  are  equal.  As 
the  mobility  calculated  from  the  expressions  given  in  Chapter  III  is 
the  drift  mobility,  the  use  of  the  high-field  limit  in  the  Hall  coeffi- 
cient measurement  will  enable  us  to  compare  the  experimental  and  cal- 
culated mobilities. 

Although  the  high-field  limit  considerably  simplifies  the  deter- 
mination of  the  carrier  concentration,  excessively  high  magnetic  fields 
can  cause  problems  duo  to  the  quantization  of  the  hole  orbits  in  a 

magnetic  field.  A review  of  high  magnetic  field  effects  has  been  given 

hU 

by  Adams  and  Keyes.  The  quantization  of  the  particle  motion  in  a 

magnetic  field  will  create  Landau  levels  within  the  band.  The  Landau 

levels  will  modify  the  density  of  states  in  the  valence  band  which 

Its 

could  affect  the  interpretation  of  experimental  data.  Neglecting 
coupling  between  the  bauds,  for  p-type  silicon  there  will  be  two  sets 
of  levels  corresponding  to  the  light  and  heavy  hole  bands.  The  spacing 
between  Landau  levels  is  given  by  where  is  the  cyclotron  fre- 
quency of  the  band  under  consideration.  For  quantum  effects  to  be 
negligible  the  thermal  energy  must  be  large  compared  to  the  separation 
between  Landau  levels,  or  kT>>tto)^ . As  the  separation  between  levels  is 
larger  for  the  light  hole  band  than  the  heavy  hole  band,  the  light  holes 
will  provide  the  more  restrictive  condition.  A field  of  10  kilogauso 
will  correspond  to  a temperature  of  9'1  K for  the  light  hole  band.  Also 


important  at  high  magnetic  fields  is  another  effect  which  has  been 
termed  "magnetic  freeze  out".  Yafet,  Keyes  and  Adams'*8  predicted  thi3 
effect  from  the  theory  of  hydrogen  atoms  in  strong  magnetic  fields.  The 
effect  occurs  because  in  a strong  magnetic  field  the  hound  state  wave- 
functions  are  more  strongly  localized  than  at  zero  magnetic  field.  Due 
to  the  more  localized  charge  distribution,  the  coulomb  binding  energy 
of  the  impurity  state  is  increased.  Thus,  at  a fixed  temperature  the 
concentration  of  thermally  excited  charge  carriers  will  be  smaller  and 
the  Hall  coefficient  will  be  effectively  increased.  This  of  course 
gives  rise  to  the  terminology  "magnetic  freeze  out".  Experimentally  we 
have  not  observed  any  variations  in  the  Hall  coefficient  which  could 
be  attributed  to  magnetic  quantization. 

The  expressions  for  carrier  concentration  and  mobility  given  in 
Chapter  III  have  been  used  to  determine  the  impurity  parameters  for 
our  material.  The  carrier  concentration  expression,  equation  (22), 
can  be  solved  for  p to  obtain: 

p - UNd-v  - ]/z  (28) 

where  E^’H^expt-ii^/kTl/tg+CgjOxpl-E^/kT) ) . We  have  fit  the  carrier  con- 
centration as  a function  of  temperature  data  to  the  solution  for  p given 

I 

above.  The  four  parameters  H , H. , E , and  1!  were  permitted  to  vary 
such  that  the  least  squares  differences  between  the  calculated  and 
experimental  values  of  p were  minimized.  As  the  carrier  concentration 
varied  by  several  orders  of  magnitude  over  the  temperature  interval 
studied,  the  differences  in  the  logarithms  of  p were  compared.  Initial 
values  of  the  parameters,  required  as  input  data  for  the  fitting 
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program,  were  obtained  from  a graphical  analysis  of  the  Hall  data. 

The  program  then  tries  to  improve  the  fit  in  successive  iterations  by 
using  the  partial  derivatives  with  respect  to  each  parameter  to  ad- 
just the  four  parameters  optimally.  After  the  program  has  converged 
on  a set  of  parameters,  statistics  are  calculated  to  evaluate  the  re- 
sults. 

As  the  carrier  concentration  freezes  out  exponentially  with  tem- 
perature, accurate  thermometry  is  very  important  for  an  accurate  deter- 
mination of  the  impurity  parameters  from  tfte  carrier  concentration  as 
a function  of  temperature  data.  However,  fcr  mobility  with  its  power 
law  rather  than  exponential  dependence  on  temperature,  the  thermometry 
will  not  be  as  crucial  for  an  accurate  detenni nation  of  the  parameters. 
Thus,  mobility  analysis  can  provide  an  important  cross  check  for  the 
carrier  concentration  analysis.  As  with  the  carrier  concentration 
data,  the  calculate!  and  experimental  values  of  the  mobility  were  com- 
pared by  the  fitting  program  and  the  parameters  were  adjusted  to  give 
the  best  least  squares  fit.  Several  parameters,  in  different  combina- 
tions, have  been  allowed  to  vary  in  our  analysis  of  the  mobility. 

These  include  the  constant  x which  controls  the  magnitude  of  the 
o 

acoustic  phonon  scattering  contribution  to  the  mobility,  the  coupling 
constant  W,  the  donor  density  N^,  the  scale  factor  multiplying  the 
Krginaoy  equation  A,  and  amlher  scale  factor,  G,  to  account  for  any 
error  in  measuring  the  sample  dimensions.  'Hie  dimensional  factor  G vill 
be  a number  close  to  unity  raultip’ying  the  calculated  mobility.  Although 
the  sample  thickness  ccuid  be  measured  quite  well,  the  sample  width 
and  distance  between  resistivity  arr.s  was  only  known  to  within  about 


five  percent.  For  pure  samples  the  contribution  of  ionized  impurity 
scattering  can  be  comparable  to  the  geometrical  measurement  errors.  For 
this  reason  ve  have  included  this  adjustable  parameter  G.  The  deter- 
mination of  these  parameters  from  the  experimental  data  will  be  dis- 
cussed in  Chapter  V. 

One  final  comment  concerning  the  mobility  analysis  is  necessary. 

The  fitting  program  uses  the  partial  derivatives  of  the  mobility  vith 
respect  to  the  variable  parameters  as  a guide  in  adjusting  the  para- 
meters to  obtain  an  optimum  fit.  However,  the  complexity  of  the  mobil- 
ity expression  given  in  Chapter  III  does  not  readily  allow  one  to 
differentiate  it  with  respect  to  the  parameters.  For  the  purpose  of  ob- 
taining derivatives  we  have  used  the  approximate  expression: 

u = (JUMJ-1  (29) 

where  o denotes  tha  different  scattering  processes.  Although  this  is 
inaccurate  for  the  calculation  of  the  mobility,  it  is  sufficient  for 
the  purpose  of  providing  partial  derivatives  for  the  fitting  program. 


CHAPTE?.  V 


EXPERIMENTAL  RESULTS 
A.  Carrier  Concentration 

The  samples  measured  in  this  study  have  covered  a range  of  impurity 
13  -3  17  -3 

densities  between  10  cm  and  10  cm  . The  carrier  concentration 

as  a function  of  reciprocal  temperature,  for  four  representative  sam- 
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pies  with  acceptor  densities  of  approximately  10  cm  , 10  cm  , 

10'*'"’  cm  and  10^  cm  ^ , is  shown  in  Fig.  6.  The  experimental  data 
are  given  by  the  coded  points  while  the  solid  line  is  the  result  ob- 
tained by  fitting  the  data  for  carrier  concentration  as  a function  of 
temperature  to  equation  (22).  The  parameters  determined  from  the  fit 
to  equation  (22)  for  these  samples  as  well  as  the  other  samples  measured 
in  this  work  are  given  in  Table  II.  The  parameters  N&>  N^,  and  E^ 
have  boon  allowed  to  vary  in  fitting  the  experimental  data  while  the 
density  of  states  in  tha  valence  band,  , has  been  either  fixed  or 

also  alloved  to  vary.  As  ic  given  by  It .83kl0^^(m^/oe)^^T^^  cm”^, 

« 

we  have  listed  in  Tablo  II  the  value  of  m^  corresponding  to  a given 
value  of  the  density  of  states.  For  samples  in  which  the  exhaustion 
region  was  reached  at  relatively  low  temperatures,  such  as  Si : B— iL , ve 
have  found  very  little  change  in  the  value  of  when  the  density  of 
states  was  allowed  to  vary.  For  samples  where  the  exhaustion  region 
could  not  be  reached,  such  as  Si:B-7,  this  vas  not  necessarily  the  case. 

Samples  Si : B-3  and  Si:B-6  exhibited  a region  at  low  temperatures 
where  impurity-hopping  conduction  dominated  the  conduction  due  to  free 
carriers  in  the  valence  band.  Data  from  this  region  has  not  been  used 


in  the  carrier  concentration  analysis.  Several  other  samples  were 
measured,  particularly  ones  with  high  room  temperature  resistivities 
(3,000  to  10,000  fi-cm),  which  showed  large  inhomogeneities  in  impurity 
density  from  one  end  of  the  Hall  bridge  to  the  other.  We  have  not  used 
these  samples  for  further  analysis,  and  they  are  not  included  in  Table  XI. 

As  discussed  in  Chapter  III,  the  density  of  states  of  the  valence 
band  has  an  additional  temperature  dependence  due  to  the  temperature 
dependence  of  the  density  of  states  effective  mass  as  shown  in  Fig.  4. 

We  have  also  fit  to  equation  (22)  the  carrier  concentration  as  a 
function  temperature  data  taking  into  account  this  additional  tempera- 
ture dependence.  These  results  are  presented  in  Table  III.  The  para- 
meters thus  obtained  are  very  similar  to  those  obtained  using  a tempera- 
ture independent  effective  mass.  However,  the  trend,  except  for  the 
closely  compensated  samples  SiiB-2  and  Si:B-l4,  is  to  lower  values  of 
and  II by  a few  percent.  For  the  closely  compensated  samples, 
and  increase  by  a few  percent  vhen  analysed  using  a temperature 
dependent  effective  mass.  This  behavior  con  be  qualitatively  under- 
stood using  approximate  expressions  for  the  carrier  concentration  for 
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the  cases  of  uncompensated  and  closely  compensated  samples.  When  the 
density  of  compensating  donors  is  very  much  less  than  the  carrier  con- 
centration, the  carrier  concentration  is  approximately  given  by 


, -E  /2M 
p » (HaFY/g)1/2  e 


(30) 


vhero  g is  the  ground  state  degeneracy  and  we  have  neglected  the  influ- 
ence of  the  excited  states.  For  an  analysis  using  the  temperature  depen- 
dent effective  mass,  the  density  of  states  of  the  valence  band  at  a 
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given  temperature  will  be  larger  than  for  an  analysis  using  a tempera- 
ture independent  effective  mass.  In  order  to  calculate  from  equation 
(30)  the  same  carrier  concentration  for  a larger  density  of  states 
the  value  of  N&  must  be  correspondingly  reduced  which  agrees  with  a 
comparison  of  Tables  II  and  III  for  the  relatively  uncompensated  sam- 
ples. For  very  closely  compensated  samples  the  carrier  concentration 
is  now  approximately  given  by 


P 3 


(Na-  Hd) 

l+{Nd/Nvg~1)eVkT 


(31) 


In  the  exhaustion  region  p vill  be  determined  by  the  difference  . 

Nd  will  be  determined  as  the  carrier  concentration  begins  to  freeze  out 

and  the  denominator  in  equation  (31)  becomes  larger  than  one.  Here, 

for  a larger  value  of  Ny  we  must  have  a correspondingly  larger  value 

of  N,  to  obtain  a given  carrier  concentration.  Thus  N and  N,  will  in- 
d ad 

crease  for  the  closely  compensated  samples  when  the  temperature  depen- 
dent effective  ma3s  is  used  in  the  carrier  concentration  analysis. 

Also  shown  in  Tables  II  and  III  is  the  standard  deviation  of  the 
fit  to  the  carrier  concentration  data.  In  most,  but  not  all,  samples 
the  standard  deviation  is  slightly  improved  when  analyzed  vlth  the 
temperature  dependent  effective  mass.  However,  as  the  differences  be- 
tween the  parameters  and  tid  for  the  two  cases  ure  at  moot  ten 
percent,  we  have  concluded  that  the  additional  temperature  dependence  of 
the  density  of  statos  in  the  valence  band  due  to  the  temperature  depen- 
dence of  the  effective  mass  does  not  appreciably  alter  the  determination 
of  thooe  parameters  from  the  temperature  dependence  of  the  carrier 


concentration. 


B.  Mobility 

The  mobility  for  four  representative  samples  is  shown  in  Figs.  7 
and  8.  The  experimental  data  are  shown  by  coded  points  and  the  solid 
lines  are  fits  to  this  data  using  the  mobility  theory  formulated  in 
Chapter  III.  The  mobility  theory  has  been  fit  to  the  experimental  data 
by  adjusting  several  parameters.  These  parameters  are:  t , the  mag- 
nitude of  the  relaxation  time  for  scattering  by  acoustic  phonons; 

N^,  the  density  of  compensating  donors;  W,  the  coupling  constant  of  the 
holes  to  the  optical  phonon  mode  relative  to  the  acoustic  phonon  mode; 

A,  the  factor  multiplying  the  magnitude  of  the  relaxation  time  for  neu- 
tral impurity  scattering;  and  G,  a scale  factor  used  to  account  for 
measurement  errors  in  the  sample  dimensions.  We  felt  the  acceptor  den- 
sity, Na,  vas  known  with  enough  precision  from  the  carrier  concentration 
analysis  so  that  its  value  was  not  permitted  to  vary  in  the  analysis 
of  the  mobility.  The  determination  of  the  above  parameters  from  an 
analysis  of  the  temperature  dependence  of  the  mobility  will  be  dis- 
cussed in  the  following  subsections. 

(1)  Lattice  Scattering  by  Acoustic  Phonons 

In  pure  samples  where  impurity  scattering  is  relatively  unimpor- 
tant, scattering  by  acoustic  and  optical  phODons  will  dominate  the 
mobility.  We  have  determined  the  lattice  scattering  constant,  t , by 
rltting  the  mobility  theory  to  our  three  purest  samples  over  a tempera- 
ture range  of  approximately  25  K to  80  K.  We  have  not  used  data  above 
80  K so  that  any  contribution  to  the  mobility  due  to  optical  phonon 

scattering  could  be  neglected.  This  has  allowed  us  to  fix  the  parameter 
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controlling  the  contribution  of  optical  phonon  scattering,  V,  and  ignore 
it  in  fitting  the  mobility  over  this  restricted  temperature  interval. 

As  relatively  pure  samples  have  been  used,  the  neutral  impurity  scatter- 
ing factor,  A,  has  also  been  fixed.  The  geometrical  scale  factor,  G, 
has  been  fixed  at  1.0  for  these  fits,  thus  assuming  perfect  geometry  for 
these  three  samples.  The  remaining  parameters,  and  were  allowed 
to  vary  to  obtain  the  best  least  squares  fit  to  the  mobility  data.  The 
results  of  these  fits  are  given  in  Table  IV.  The  values  for  the  magni- 
tude of  the  acoustic  phonon  scattering  relaxation  time,  x , agree  quite 

well  with  one  another.  From  these  fits  we  have  chosen  the  value, 
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tq  = 5.25x10  sec  as  most  representative  arid  taken  its  value  as  fixed 
when  fitting  less  pure  samples. 

The  differences  of  a few  percent  between  the  values  of  xq  as  seen  in 
Table  IV  could  easily  be  due  to  differences  in  the  geometrical  error 
for  the  three  samples.  To  check  this  ve  have  fixed  the  value  of  at 
5*25x10  ^ sec  and  refit  samples  Si;B-l  and  over  the  same  tempera- 

ture range  with  and  G variable.  These  results  are  given  in  Table  V. 
The  resulting  values  of  G agree  quite  closely  with  the  corresponding 
differences  in  xq.  For  3i:B-ll»  , G decreased  by  1 percent  corresponding 

to  the  1.5  percent  decrease  in  x between  3l:B-0  and  SL : B— , while  for 

o 

Si:B-l  , C increased  by  3 percent  corresponding  to  the  2.'?  percent  in- 
crease in  x between  8i:B-B  and  Si:B-L.  Thus,  the  differences  in  x can 
o o 

be  readily  accounted  for  by  the  geometrical  measurement  differences  be- 
tween the  samples.  Since  the  dimensional  measurement  errors  for  these 
samples  are  only  a few  percent,  the  determination  of  for  these  sam- 
ples is  correspondingly  accurate. 


-13- 


(2]  Lattice  Scattering  by  Optical  Phonons 


To  determine  the  parameter  W,  the  relative  coupling  strength 
of  the  holes  to  the  optical  phonon  mode  compared  to  the  acoustic  phonon 
mode,  requires  mobility  data  at  higher  temperatures  where  optical  pho- 
non scattering  contributes  significantly  to  the  mobility.  However,  at 

8 2 

higher  temperatures  the  high-field  limit,  UB  » 10  cm  Gauss/Volt  sec, 
required  for  a rigorous  interpretation  of  the  Hall  effect  measurement 
could  not  be  satisfied  with  our  available  oagnetic  field  strengths. 

This  complicates  the  analysis  of  the  mobility  in  that  the  Hall  factor, 
which  may  no  longer  be  equal  to  unity,  must  be  taken  into  account. 

Rather  than  attempt  to  calculate  the  Hall  factor,  which  varies  with 
temperature  and  the  predominate  type  of  scattering,  we  have  obtained 
the  drift  mobility  in  the  following  manner.  The  parameters  deter- 
mined from  the  carrier  concentration  analysis  have  been  used  to  cal- 
culate the  carrier  concentration  by  means  of  equation  (22)  for  tempera- 
tures above  the  high- field  limit.  As  these  parameters  were  determined 
from  data  measured  in  a region  where  the  high-field  limit  was  valid, 
when  used  in  equation  (22)  the  carrier  concentration  should  be  accurate- 
ly computed  at  higher  temperatures.  Thus,  at  higher  temperatures , we 
have  measured  the  resistivity,  p,  and  obtained  the  drift  mobility 
from  p = 1/pqp,  vhere  p is  the  calculated  carrier  concentration. 

Mobility  data  has  been  obtained  in  this  manner  for  samples  Sl:B-8 

and  Si;B-lt  vhere  the  resistivity  has  been  measured  for  temperatures 

up  to  i»00  K and  300  K,  respectively.  Above  300  K for  Si:B-8  corrections 

have  been  made  to  take  account  of  the  change  in  resistivity  due  to 
lig 

intrinsic  conduction.  ThiB  data  has  been  fit  with  the  parameters  Nj, 
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W,  and  G variable.  The  data  for  these  samples  over  the  entire  tempera- 
ture range  is  shovn  by  the  coded  points  in  Figs.  9 and  10  where  the 
solid  line  is  the  fit  to  the  mobility  theory.  The  parameters  determined 
from  these  fits  are  given  in  Table  VI.  He  haye  obtained  values  for  W of 


2.00  and  l.?8  for  Si:B-8  and  Si:B-lU,  respi 
(3)  Ionized  Impurity  Scattering 


ec^ively. 

/ 

) 


At  low  temperatures  scattering  b yj  ionized  and  neutral  impur- 


ities can  control  the  mobility.  As  the  number  of  ionized  impurities  is 
directly  related  to  the  density  of  compensating  donors  (N  = 2N^+  p),  one 
can  determine  from  the  contribution  of  ionized  impurity  scattering 
to  the  mobility.  As  has  also  been  determined  from  the  carrier  concen- 
tration analysis,  a comparison  of  the  values  obtained  provides  evidence 
as  to  the  validity  of  the  mobility  analysis.  This  comparison  is  given 
in  Table  VII  for  several  of  the  samples  studied.  For  some  of  the  samples 
listed  in  Table  VII  the  parameters  a,  and  G were  varied  in  the  mobility 
fit.  However,  for  other  samples  with  marginal  amounts  of  neutral  im- 
purity scattering,  it  was  found  that  A,  the  parameter  modifying  the 
neutral  impurity  scattering  strength,  would  become  unreasonably  large 
or  small  when  allowed  to  vary.  This  is  because  the  mobility  in  these 
samples  was  not  particularly  sensitive  to  the  amount  of  neutral  impurity 
scattering  and  the  computer  apparently  allowed  A to  vary  considerably  in 
order  to  account  for  small  differences  between  the  calculated  and  experi- 
mental mobilities.  Consequently,  for  these  samples  we  have  varied 
and  G and  fixed  A at  several  different  values  in  order  to  observe  the 
effect  of  A on  the  value  of  obtained  from  the  mobility  analysis. 

As  can  be  seen  from  Table  VII,  the  values  of  N.  obtained  from  the 
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carrier  concentration  analysis  and  the  mobility  analysis  are  in  good 
agreement.  For  the  purer  samples  (Si:B-8  and  Si:B-ll|),  the  choice  of 
different  values  of  A has  a negligible  effect  on  the  determination  of 
since  neutral  impurity  scattering  is  very  weak  in  these  samples.  The 
fits  to  the  moderately  doped  samples  ( Si : B— and  Si:B-5)  are  more  strong- 
ly affected  by  the  choice  of  A.  For  these  samples  a choice  of  A near  U 
gives  the  best  agreement  for  the  values  of  determined  from  the  mobil- 
ity and  carrier  concentration  analyses.  The  three  remaining  samples  are 
more  heavily  doped  and  deserve  additional  comment.  As  the  mobility  was 
quite  low  in  these  samples,  the  high-field  limit  could  not  he  reached 
over  most  of  the  temperature  interval  studied.  In  addition,  Si:B-3  and 
Si:B-6  exhibited  impurity-hopping  conduction  at  lov  temperatures.  For 
these  samples  data  below  35  K has  been  excluded  from  the  mobility  analysis.- 
Since  the  high-field  limit  could  not  he  reached,  the  Hall  factor  will 
affect  the  temperature  dependence  of  the  mobility.  As  neutral  impurity 
scattering  is  quite  strong  in  these  samples,  any  temperature  dependence 
of  neutral  Impurity  scattering  not  accounted  for  in  the  Erginsoy  formula- 
tion could  also  affect  the  mobility  analysis.  For  these  reasons,  the 
analysis  of  those  samples  cannot  be  considered  as  reliable  as  the  analysis 
of  the  purer  samplos,  However,  even  with  these  limitations,  the  values 
of  obtained  from  the  carrier  concentration  analysis  and  the  mobility 
analysis  are  in  reasonable  agreement. 

(U)  Heutrnl  Impurity  Scattering 

Throughout  this  work  we  have  found  It  necessary  to  include  the 

adjustable  parameter  A to  modify  the  scattering  time  by  neutral  impuri- 

l6  -3 

ties.  For  the  samplos  doped  on  the  order  of  10  cm  , ve  see  from 
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Table  VII  that  the  fitted  values  of  A are  between  2 and  3.  For  the 
samples  with  about  10  cm  acceptors,  a value  of  A near  It  gives  the 
best  agreement  with  the  value  of  determined  from  the  carrier  concen- 
tration analysis.  As  mentioned  in  the  previous  section,  the  interpre- 
tation of  the  experimental  data  for  the  more  heavily  doped  samples  is 
complicated  by  the  need  to  take  into  account  the  Hall  factor.  Also,  the 
different  values  of  A obtained  for  the  different  samples  lead  us  to  feel 
that  the  value  of  A determined  from  the  mobility  analysis  for  a given 
sample  cannot  be  considered  particularly  reliable. 

In  order  tu  demonstrate  the  influence  of  A on  the  mobility,  we 

have  calculated  the  mobility  with  A = 2 and  A = 6 using  the  parameters  of 

Si:B-5  with  fixed  at  2.05x1012  cm--'  . The  calculated  mobilities  along 

with  the  experimental  data  of  Si:B~5  are  presented  in  Fig.  11.  The 

experimental  data  points  below  20  K have  been  obtained  from  photo-Hall 

measurements  using  300  K background  radiation  to  photo-excite  the  carriers. 

The  validity  of  a comparison  with  theory  for  this  low  temperature  data 

requires  that  two  conditions  be  satisfied.  The  Born  approximation  used 

in  calculating  the  ionized  impurity  scattering  contribution  to  the 

mobility  requires  that  |ka|  » 1 where  k is  the  carrier  wavevector  and 

a is  the  scattering  length.  For  silicon  |ka|  » l.bxlO  T(m  /n^p')  ' t 

where  p'  is  given  by  equation  (li).  Taking  the  density  of  photo-excited 
q -3 

carriers  as  10  cm  and  N and  N.  from  the  Hall  fit  for  Si:B-5»  we 
a d 

obtain  for  the  more  stringent  case  of  the  light  holes:  |ka|  a 3*8T. 

Thus»  the  above  requirement  is  satisfied  for  the  experimental  data  shown 
in  Fig.  10.  A second  requirement  is  that  the  thermolization  time  of  the 
photo-excited  carriers  be  much  less  than  the  carrier  lifetime.  If,  on  the 
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contrary,  the  thermalization  time  is  longer  than  the  carrier  lifetime, 
the  carrier  distribution  will  he  "hotj,  corresponding  to  the  energy 
distribution  of  the  incident  radiation  used  to  photo-excite  the  carriers 
in  the  photo-Hall  measurement.  A mobility  measurement  under  such  condi- 
tions cannot  be  compared  to  the  calculated  mobility  which  assumes  a ther- 
mal carrier  distribution.  From  the  energy  loss  rate  due  to  acoustic 

phonon  emission, ^ we  can  estimate  the  thermalization  time  for  the  more 

-10  -1/2  sec."^  The 

restrictive  case  of  the  heavy  holes  to  be  3.5*10  T 

carrier  lifetime  may  be  determined  from  the  recombination  cross  section 

52  - —1  — 

for  holes  at  ionized  horon  impurities  by  T = (N  <v>o)  , where  H is  the 

density  of  negatively  ionized  horon  impurities,  <v>  is  the  average  thermal 

velocity,  and  a is  the  recombination  cross  section.  At  10  K ve  obtain 
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a carrier  lifetime  for  Si:B-5  of  approximately  3*10“  sec  and  a thermli- 
-9 

zation  time  of  10  sec.  Thus,  the  experimental  photo-Hall  data  for 
Si : B— 5 satisfy  both  of  the  above  restrictions.  The  experimental  points 
shown  in  Fig. 11  lie  between  the  curves  corresponding  to  A = 2 and  A = 6. 
This  is  consistent  with  the  results  given  for  this  sample  in  Table  VII. 

C.  Mobility  Analysis  Assuming  a Parabolic  Band  Structure 

The  results  presented  in  the  previous  sections  of  this  chapter  have 
been  based  upon  an  analysis  of  the  mobility  using  the  formulation  given 
in  Chapter  III  which  took  account  of  the  non-parabolic ity  of  the  silicon 
valence  band.  For  the  parameters  determined  from  the  mobility  analysis, 
good  agreement  between  the  experimental  and  calculated  mobilities  has 
been  obtained.  However,  one  could  ask  if  similarily  good  agreement, 
perhaps  with  a different  set  of  parameters,  could  be  obtained  by  a mobili- 
ty analysis  which  ignores  the  valence  bond  non-parabolicity  and  assumes 
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parabolic  valence  bands.  The  following  section  will  demonstrate  that 
indeed  this  is  not  the  case. 

The  mobility  formulation  described  in  Chapter  III  is  easily  reduced 
to  the  parabolic  case  by  the  replacement  of  y(E)  by  E and  y'(E)  by  1. 

We  have  reanalyzed  the  experimental  mobility  data  of  samples  Si:3-8  and 
Si : B-lt  assuming  a parabolic  band  structure.  The  experimental  data 
shown  by  the  coded  points  along  with  the  parabolic  mobility  fit  to  this 
data  shown  by  the  solid  line  is  presented  in  Figs,  12  and  13  for  samples 
Si:B-8  and  Si:B-lk,  respectively.  The  parameters  as  determined  from 
these  fits  are  given  in  Table  VIII.  To  facilitate  a comparison  between 
the  parabolic  and  non-parabolic  mobility  fitB,  we  have  plotted  the  percen- 
tage error  between  the  calculated  and  experimental  mobilities  for  the 
two  cases  for  Si:B-8  and  31 :B-lh  in  Figs,  lh  and  15,  respectively.  For 
both  samples  the  error  for  the  parabolic  mobility  fits  is  considerably 
larger  than  for  the  non-parabolic  mobility  fits.  This  is  strong  evidence 
as  to  the  importance  of  the  valence  bond  non-parabolic ity  in  determining 
the  temperature  dependence  of  the  mobility. 

Further  evidence  as  to  the  importance  of  the  non-purabolic  descrip- 
tion comes  from  an  examination  of  the  parameters  as  determined  from  the 

different  mobility  fits.  For  Si:B-lh  the  value  of  obtained  from  the 
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parabolic  mobility  fit  was  2.2*10  cm  while  the  non-parabolic  mobility 
13  -3 

fit  gave  1.39x10  cm  . As  seen  in  Table  VII,  the  value  of  determined 
from  the  carrier  concentration  analysis  agrees  very  closely  with  the 
value  determined  from  the  non-parabolic  mobility  fit.  Thus,  not  only 
is  the  fit  to  the  experimental  data  better  for  the  non-parabolic  case, 
but  also  a considerably  more  realistic  valuo  of  the  parameter  is 
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obtained  by  the  non-parabolic  mobility  analysis.  Similar  considerations 
hold  for  Si:B-8. 

In  order  to  observe  more  closely  the  differences  between  the  para- 
bolic and  ncn-parabolic  models,  we  have  plotted  in  Fig.  16  the  lattice 

scattering  limited  mobility  for  the  two  cases  with  x = 5^25*10  sec 

o 

and  W = 2.0.  As  expected  for  the  parabolic  case,  we  observe  a T*"^^ 
temperature  dependence  for  the  mobility  up  to  approximately  100  K where 
optical  phonon  scattering  begins  to  contribute  to  the  mobility.  Since 
in  the  non-parabolic  case  the  effective  mass  increases  with  temperature 
and  the  acoustic  phonon  scattering  time  becomes  shorter  than  in  the  para- 
bolic case,  we  observe  a more  rapid  decrease  in  the  mobility  than  a 
-3/2 

T temperature  dependence. 

Vo  ore  now  in  a position  to  understand  better  the  differences  in 
the  parameters  as  determined  from  the  parabolic  and  non-parabolic  mobil- 
ity fits.  As  exemplified  by  Si:B-l4,  the  calculated  mobility  near  100  K 
for  the  parabolic  case  is  considerably  larger  than  the  experimental 
mobility  even  though  the  experimental  mobility  i3  primarily  dominated 
in  this  temperature  region  by  lattice  scattering.  Thus,  for  the  parabolic 
case  the  parameter  must  be  lowered  relative  to  the  non-purubolic 
value  ol’  to  obtain  agreement  with  the  experimental  mobility  ao  to  the 
magnitude  of  lattice  scattering  limited  mobility.  Such  a change  in  x^ 
is  observed  by  comparing  Tables  VI  and  VIII.  At  higher  temperatures  tho 
parameter  W must  be  increased  considerably  for  the  parabolic  case  to  in- 
crease the  relative  contribution  of  optical  phonon  scattering  and  thus 
lower  the  mobility  to  obtain  agreement  vith  the  experimental  nobility 
near  room  temperature.  The  value  of  V was  determined  to  be  near  2.0  for 


the  non-parabolic  case  while  a value  of  6.0  was  found  for  the  parabolic 
case.  Since  the  value  of  was  reduced  for  the  parabolic  case,  at  low 
temperatures  the  lattice  scattering  contribution  to  the  mobility  will 
be  large  and  cons'  juently  the  calculated  mobility  will  be  too  3mall.  Thus, 
the  amount  of  ionized  impurity  scattering  must  be  decreased  for  the  para- 
bolic case  to  raise  the  mobility  to  near  the  experimental  value  at  low 
temperatures.  This  results  in  a value  of  which  is  much  smaller  for  the 

parabolic  mobility  fits  than  for  the  non-parabolic  mobility  fits  as  can 
be  seen  from  Tables  VI  and  VIXX. 

With  the  above  differences  in  the  parameters  as  determined  from  the 
parabolic  and  non-parabolic  mobility  fits  and  the  poor  agreement  in 
determining  the  temperature  dependence  of  the  mobility  for  the  parabolic 
case  as  seen  in  Figs,  it  and  15,  we  must  conclude  that  the  inclusion  of 
the  uon-paraboliclty  of  the  valence  band  is  necessary  for  an  accurate 
description  of  tho  temperature  dependence  of  the  mobility. 

1).  Influence  of  the  Spllt-off  Bund  on  the  Mobility 

In  the  formulation  of  the  mobility  theory  in  Chapter  III  wo  included 
the  contribution  to  the  mobility  of  the  split-off  band.  It  is  clear 
from  equations  (17)  and  (18b)  that  at  low  temperatures  this  band  cannot 
play  a major  role  in  determining  the  mobility  duo  to  the  exponential 
factor  e_a,,*,''I'  multiplying  the  opiit-off  bs-nd's  contribution  to  the  mobil- 
ity. We  have  calculated  the  lattice  scattering  limited  mobility  for  a 
two-band  model  and  compared  it  with  the  mobility  calculated  including  the 
third  split-off  band.  The  lattice  scattering  limited  mobility  for  tbe 
throe-band  model  has  been  plotted  already  (for  the  non-parabolic  case) 

in  Fig.  16.  The  calculated  two-bond  mobility  is  lower  than  the  three-bond 
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mobility  by  12.8?  at  300  K,  by  5 -hi  at  200  K,  and  by  2.1?  at  150  K.  At 
lower  temperatures  the  difference  rapidly  becomes  negligible.  However, 
near  room  temperature  the  split-off  band's  contribution  to  the  mobility 
is  significant. 

It  is  of  interest  to  consider  what  effect  a mobility  analysis  using 
two  bands  would  have  on  the  determination  of  the  parameter  W.  As  the 
contribution  of  the  split-off  band  becomes  noticeable  only  at  high  tempera- 
tures, the  other  parameters  which  are  primarily  determined  from  low 
temperature  data  would  be  unaffected  by  an  analysis  neglecting  the  split- 
off  band.  However,  as  W in  part  controls  the  magnitude  of  the  mobility 

above  100  K,  its  determination  will  be  affected  by  the  number  of  bands 
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included  in  the  robillty  analysis.  For  the  parameters  t = 5.25*10  sec 

and  W » 2.0  (determined  from  fitting  the  three-band  mobility  theory  to 

the  experimental  data  of  lii:ll-8),  wu  have  obtained  a lattice  scattering 

limited  mobility  (see  fig.  16}  of  l*T5  cuT/Yolt  oec  at  300  K.  For  a 

two-band  mobility  calculation  a coupling  constant  of  W « 1.5  was  required 

2 

to  give  a 300  K mobility  of  It 79  cm'/Volt  soc . Thus,  V is  lowered  for  a 
two-band  mobility  calculation  relative  to  a three-band  mobility  calcula- 
tion in  order  to  obtain  agreement  witli  the  room  temperature  mobility. 


CHAPTER  VI 


COMPARISON  WITH  OTHER  WORK 

The  activation  energy  of  the  "boron  acceptor  in  silicon  as  deter- 
mined from  the  carrier  concentration  analysis  is  in  good  agreement  with 
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other  electrical  optical  measurements.  * * For  our  purer  samples, 

the  small  changes  in  the  density  of  states  of  the  valence  band  when  this 
parameter  was  allowed  to  vary  indicates  that  our  use  of  four  for  the 
ground  state  degeneracy  is  correct.  If  the  ground  state  degeneracy  were 
different  from  four,  the  density  of  states  would  change  accordingly  when 
this  parameter  was  fit  to  the  carrier  concentration  data.  A ground  state 
degeneracy  of  four  is  in  agreement  with  the  splitting  of  the  ground  state 
under  uniaxial  stress  as  determined  by  optical  absorption.1"* 

There  lias  been  very  little  work  done  in  the  analysis  of  mobility 

incorporating  all  the  relevant  types  of  scattering  over  wide  ranges  of 
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temperatures  «ni  Impurity  densities.  Several  pure  samples  ( !i^  « 10  cm 
nave  been  measured  by  I*.  Klatner  who  obtained  an  ucoustie-phonon- 
ilralted  mobility  for  temperv urea  below  50  K of  1J**10'  T em^/Volt  sec. 
Above  50  K a a tec  per  temp-mtur*:  .'.cueit  !enee  was  observed.  This  is  in 

reasonable  agreement  with  our  value  for  the  lattice  mobility  of 

r 7 -l.Sh  ?.  -0 

1.6*10  T cm  /Volt  s»*c  corresponding  to  B 5.25*10  ' sec  which 

has  been  obtained  from  the  fits  to  our  experimental  data  with  as  an 
adjustable  parameter  ns  given  in  Table  IV. 

The  drift  mobility  at  M0  K has  been  measured  by  several  experi- 
menters. Prince  Ludvig  and  Walters,^  and  Cronmcycr'^  have  obtained* 
mobilities  of  1*95 , *‘75 , and  50**  cm '/Volt  sec,  respectively.  By  fitting 
the  mobility  theory  to  our  experimental  data  for  samples  Si:B-8  and 
— 3~ 


Si : B— XU , we  have  obtained  lattice-scattering-limited  mobilities  at 
2 

300  K of  U75  and  505  cm  /Volt  sec  corresponding  to  optical  phonon 
coupling  constants  of  2.00  and  1.78  respectively. 

A relative  coupling  constant  of  the  holes  to  the  optical  phonon 
mode  compared  to  the  acoustic  phonor*mode  of  2.00  and  1.78  has  been 

obtained  by  us  from  the  mobility  analyses  of  Si:B-8  and  Si:B-l4, 

3 

respectively.  Asche  and  Borzeszkovski  obtained  reasonable  agreement  with 
the  data  of  Elstuer"^  in  calculating  the  mobility  for  a non-parabolic  band 
structure  using  a relative  coupling  constant  of  2.5.  However,  their 
calculated  300  K mobility  (from  Fig.  7 of  Ref.  3 ) was  approximately 
2 

U20  cm  /Volt  sec  which  is  somewhat  lower  than  our  room  temperature 
mobilities  as  given  in  the  proceeding  paragraph  for  the  above  coupling 

constants.  This  indicates  that  a smaller  coupling  constant  would  allow 
3 

Asche  and  Borzoazkowaki'  to  obtain  better  agreement  vith  room  tempera- 
ture drift  mybUitloo. 

Wiley  and  DlDomonico^  hove  computed  the  mobility  for  parabolic 
bands.  Their  procedure  was  to  fix  the  relative  coupling  conotant  at 

f and  adjust  the  magnitude  of  the  acoustic  phonon  scattering  time  to 

■ 2 . 

obtain  agreement  with  a mobility  at  300  K of  350  cm  /Volt  sec.  Although 
a coupling  constont  of  2 agrees  with  our  value  for  the  non-parabolic 
mobility  analysis,  it  is  in  disagreement  with  our  results  when  we  at- 
tempted to  fit  a parabolic  model  to  our  mobility  data.  For  our  para- 
bolic analysis  we  required  a coupling  constant  near  6 to  obtain  agree- 
ment with  Our  high  temperature  data.  The  reason  for  thin  difference  be- 
comes clear  if  we  look  at  the  acouBtic  mobility  obtained  by  Wiley  and 
DiDomonlco.  Their  mobility  for  scattering  by  acoustic  phonons  (from 


Eq.  11  and  Table  I of  Ref.  60)  is  U . 2>rl06  T-1'5  cm2/Volt  sec  which  is 
considerably  lower  than  our  result  and  the  acoustic  mobility  obtained  by 
Elstner.^  If  Wiley  and  DiDomenico's  acoustic  mobility  were  raised  to 
obtain  agreement  with  the  experimental  mobility  at  low  temperatures,  a 
larger  coupling  constant  would  be  required  by  them  to  obtain  agreement 
with  the  room  temperature  mobility.  This  should  yield  results  closer  to 
ours  obtained  for  a parabolic  band  structure.  Mobility  in  parabolic 
bands  has  recently  been  considered  by  Costato  et.al.  who  hare  ob- 
tained results  similar  to  those  of  Wiley  and  DiDomenico.  Both 
Costato  et.  al.16  and  Wiley61  have  pointed  out  the  necessity  of  considering 
the  valence  band  non-parabolic ity  when  interpreting  the  hole  mobility 


in  silicon. 


CHAPTER  VII 


SUMMARY 

The  analysis  of  the  carrier  concentration  and  mobility  as  a function 
of  temperature  has  been  shown  to  be  a useful  tool  for  the  characterization 
of  impurity  parameters  in  p-type  silicon.  Good  agreement  for  the  density 
of  compensating  donors  has  been  obtained  from  the  two  analyses.  This 
must  be  largely  due  to  the  accuracy  of  the  Brooks,  Herring,  and  Dingle 
formulation  of  ionized  impurity  scattering  as  well  as  the  correctness 
of  the  non-parabolic  approach  to  the  anulysis  of  hole  mobility  in  sili- 
con. The  donor  and  acceptor  densities  as  determined  from  the  carrier 
concentration  analysis  have  exhibited  a systematic  although  minor 
variation  due  to  the  additional  temperature  dependence  of  the  valence 
band  density  of  states  with  the  inclusion  of  temperature  dependent  effec- 
tive masses, 

The  temperature  dependence  of  the  mobility  has  been  substantially 
accounted  for  by  Including  the  valence  baud  rwn-parubolici ty  and  the 
relevant  types  of  scattering  In  the  ir.oM  i i *.y  analysis.  The  parameters 
a $ determined  from  the  mobility  analysis,  particularly  the  amount  of 
ionized  Impurity  scattering  and  the  relative  contribution  of  optical 
phonon  scattering,  have  been  found  to  change  considerably  when  analyzed 
assuming  a parabolic  rather  than  a non- parabolic  valence  band  structure* 
The  agreement  with  the  temperature  dependence  of  the  experimental 
mobility  data  and  the  agreement  with  the  carrier  concentration  analysis 
for  the  donor  d^nr'.ty  has  been  significantly  improved  by  the  non-para- 
bolic rather  than  parabolic  mobility  analysis. 
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Light  Hole  Band  ( 1=1) 
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Appendix  II 


POLYNOMIAL  EXPANSION  FOR  THE  DENSITY  OF  STATES  EFFECTIVE  MASS 

6h 

The  density  of  states  in  the  valence  band  is  given  by 


Nv  = P/Fi/2(n>  , 

where  F* /0(n)  is  the  Fermi-Dirae  integral  of  order  1/2,  n is  the 
1/2 

reduced  Fermi  level,  and  p * where  the  p^  have  been  given  by 

equation  (l6).  The  density  of  states  has  been  given  in  equation  (23) 
as 


N = 2(2mn*kT/h2)3/2 
v a 


Solving  for  and  evaluating  the  integrals,  we  obtain 


*3/2 


“^72  i k “i 


*3/2- 


where  the  have  been  given  by  equations  (i8a)  and  (10b).  The  integrals 


I.  have  been  solved  numerically  and  has  been  graphed  in  Fig . b. 


We  have  fit  to  a polynomial  in  the  temperature  such  that 


m , = 1,  a T 

d n=l  n 


where  for  T in  Kelvins  and  in  units  of  the  electron  mass,  the  o^  are 

oQ  = 5.5YO9558S80X1O'1  , ^ ■»  8.1556310156xl(f ''  , «2  =>  b .b3.3222rfb9xl0"6 
u3  = -3.80l83601blxl0'8,  a|(  = l.bbi3?10956xl<f10,  ^ = -3.1b93T25bllxlO_1 
Ox  = 3.039b932962xlO"10,  and  = -1.9fli>T02bs8xl0*19  . 


APPENDIX  III 


NUMERICAL  CALCULATION  OF  THE  MOBILITY 

The  mobility  is  calculated  following  the  formulation  given  in 
Chapter  III.  The  numerical  integrations  have  been  performed  using 
Simpson's  rule.  The  techniques  used  in  and  the  accuracy  of  these 
numerical  calculations  has  been  discussed  previously.30,1*1  Subroutines 
BANDX  and  BANDT  evaluate  they.(x)  at  a given  energy  and  temperature 
to  use  as  required  in  computing  the  mobility  in  subroutine  FUN.  These 
subroutines  are  listed  below. 


SIJRC‘PIJT  f MF  BA?PT  ( X ,riAMMA,  HOW.*  ,L  I ’•*  I T l ♦ I.  1 M I T 2*1 1 MIT  3, 
; i \:rf»l  , f*,TG?»h,npMi  , uoqm?) 

*DC*1  f M¥p.|  t I *'Tr.'’t  *P"M1  M>> 

rpMrtj  r pocrjQtn^:  n {’TOi  ,n  p*rO?  , nv^o  wl  , 0ATP-M2 
n->|i°lc  °ocr  I S i ~*vi  C a-*m  a ( 8*7)  t nG * Mv  A ( 3 » 7 j ♦ T ( 7 ) 


'1*1 


rc/i|  i fuj 

?ca t 

nu»r^icfPM  v(/*<u 
r.jc  c inn  -*||T 


m r T 9 t { f ,M  * T 3 


k r)T  rv  *i  m a tp  c 


r,.*  »«\*  * 

T , .1) 

pop 

T Lir  or.y  M|  ->  M f A J C 

r.ftw-f 

CO'-  ) 

-rim 

‘ M ! * J J * 

nr  p 

r»p  y 

» = 1 . 

? ■>  4 r <:  r.rn  n f 

l l r.M" 

MO|  = 

n 1 « 7,  S TH 

r,  a m1*  * 

1,1) 

- /, 

o/^i  4 is?  >o  n-07 

r,*  mv  a 

l , ’1 

_ _ •> 

TR=  06 

r * mm  » 

It  ’) 

- /, 

- 06 

r.*  M"  * 

1,6) 

--  r 

r.A  v%-a 

1 , '■•i 

- 7 

/,  >.>A7  q SP-  OS 

r.A  * 

?.  1) 

. ■; 

I ^ > '..v.'riO  V''-  10 

r,  * v • • ' 

\ M 

r f 

t*  f P W4il  ■»  7n-07 

rfV  » 

- /. 

^ *>  AS  ■*  S / ?n  _ (V* 

r,  a » * • * 

\ A > 

r 

-s  )|  >/, i yqpsn-oi 

r.A  v»«  * 

> ♦ * ) 

. - /. 

s i rn  -o  \ 

r.A  v*  \ 

^ . 1 ) 

- -1 

.‘C  ,<;.•»  //,»'»-  \ < 

rA.v*,A 

•*..») 

- ’’ 

’•  •'» '-  1 <'*  ••.■)  ' 70-  ! ? 

r,*  * 

T , T) 

S - 1 

r.A 

• . A > 

r 

/..>«  » a?  IS  760-  06 

r »v“  * 

' , M 

- _ ' 

? • < >/,*)«>  ’ 1 

n*  *'  • 

*,  M 

i *7  ! ! n M W "HOO 

r.  * m • • « 

’ . M 

I 

f»  '•  '•  * 4“ »;  7'>  ►n  l 

r.A 

'‘,11 
a,,  M 

- p 

as)  ^ sv>  >oon_  j 6 

r, * *■••*.* 

o 

•->  > . o«)-,m  ->  1 o 

f.»  v * 

4 , * 1 

■ - 

AM  W'.MOAH-OA 

r u 

'•  . • • ) 

. 7 

1 6A  6*'  * on 

0*  V**  A 

•»,') 

-A 

s / • n,/\|  oo*'  ».o;> 

r-  k ‘J  *•  * 

*•  , » ) 

• '«  ■»  ' • /0  4 61'  - 06 

r.A  o»*  a 

*.  ') 

. «• 

1 »>  1 »•  7.M  1 /'■'-OS 

r.  * v»*  * 

•*,  M 

• 1 

.v,  \ \ /.jn-o  i 

^ A 'PA 

f-  . ••  1 

r<>  it’i  v. 6 \cn-n| 

r.A  * 

' , < ) 

• 5> 

•IW  ».  s-  « 0 S 

r a v • • • 

- , ! ) 

- * ! 

*'!->»  /., .»  \ OP  - oo 

r a *■•’  a 

A , M 

■ i 

»•>'!>  ..)  ? ? in  - n t 

r a 

*) 

■ / 

>'{.  > O'.  ':.  6 iv.o-  06 

r.A  **•'  A 

' , • 1 

^ p t ’■  *«  A4/.o  f no 

r.A  *•**  A 

••'A  > n 1 *;«a,  H-n-Ol 

f*.  A V • * 

' . M 

_ » 

! | <•  •.  7 \;**\>no  - i o 

a;  A V‘A* 

M 

T -V 

•"  / •.  / ’ lAAH'-n? 

r..*  k 

U M 

1 

J 1 1 . ■»  m;  A / r»  „ 0 1 

r.A  v ' 

*.  1 

• *• 

•«.*  -•  ;>  Sf>_  0 \ 

r.A  •-•••  • 

A , M 

;» 

\ »-  » / •>/.  \ * no 

r.ftv*1  a 

'•til 

- 

S/A  1 A 10*-  ! 4 

r ' v*'  * 

•' . ’ 1 

• - / 

o mi  » i ^ » o / •■**%-  j n 

r a * a 

“«  *) 

A 

A A.  1 /4P-04 

r A M ••  A 

- 1 

a j %ma  o ♦ no 

r * *•«  ••  a 

u*l  j oo.oi  7>Nf  0? 

\ r,  r vcN  T,  THE  rpFFf-ICIfcNTS 
• A M S » PA)  IP 

l-.j ) <UJ‘,|,cp  r«nv  J = 1 ,N 
:r:c»'T  c*|ecp,v  oc(;| pj,;$  ppq  |HL: 

Hr  A V Y Hnl  F RAMf) 


\ 0 


T ( n • v f 1 ) 

P "*  10  I “ ? , 7 
t v*  j - i - j 

T M ) r T | 1 ) #•  * | f M U 
n-  -»7  I c\tn 


:•  ^ 


N«  4 

Icft«F0.3)  M=6 
^ ?0  J a 1 * 7 
fP(J.FO.N)  GC  25 

j - M-J 

G*  w'l'.  ( T#.J)-*GA*'V£>(  f ,.J)*T(NMJ) 
t>G  * M *'  A ( I ,J)  =(MMJ*1  )*GAM«A  (I  ,J) 
r,r'  t n 3Q 

r,»HM  MT.MPII  =GA'n-,A  (|  #NP1)  /TCI  ) 

( i,N) 

r.*'  tp  3? 

•»n  r^MTf*njc 
->  ■>  rpMT  j M|  jc 

1707F-0S 

-oK-y( } ) 

I t •«»  Tl  = 1 .o--ovkt 

Lf*-"  -f*?  /KT 

i i T v i .nc-oi/^T 

r r A | rijl  *.  «■  | n\.  rc  t m t rr,o  a | q *.J  C c r»  r ^ fr  SlJPQnjT  pj  C FDM 

»'i»!’Gis  B«84/-(n o* asap-oi  + i .?*•*>? *n-03*T ( n 

r * ] . MM  V)^o/»n-n^-T|  ?)  ♦:»  -*S4'»  70 ?o-  nfi*  t(  3) 

f -A.  ■>  >04  V.'MrAP-  13  * v ( A)  f?  .**  v»  74  3 04000-  l ?*t  ( 5) 

r -1.  7 700^31  mon-j  |?  If'1)-  ) { 7) 

hp;»G2s  ».n/*p|  47r  H6on-ni  ♦ ; .ooaaoi  340on-o  ^ r ( \) 

f + t , H074A  7i'4<)7n-ns  • T ( 7)  - I %?n  | ^■»<):w,4Ai’v-07AT(  3) 

r * 4 4 3 ? r 7 3 3 1 q *» 0 o-  1 O-  ’ l 4 ) - 1 . ? ? P o | q q -,  PO  |)_  1 2*  T { *>) 

«1  * j . s t ?n SA40  7'n-i  s»  w 61-7.  7'.  Spoj  i-u»  «n-j  o*t(  7) 

nMnc  w \ r-  !,r>;no<-,is  700*03  t ) . F «/.  3 7*5  *si40-  0 3- T ( U 

f *1,001  7/..71  0 730-OS-’-  T ( *>)  + S ,3«  )Q4  or,  r /,on.  3 8>'  T ( 3 j 

f -O,  * *4 4 *>•)•'  ) O.  T { # 4 3 ?*7<>*0ft£n-  l ?+  T ( 5) 

r -S.SAr  170/4AS0-  l V ’ t 4)  *3 .4  t 03c  o^n/.n.  18*T  ( 7) 

nvftCJPi  l,t’t>S->Oi  74*0*03  **  ,V?43S4470P-.33«n  i) 

r ♦ I » '•  1 • l 4 “*0  7 S 1 ° - OS'  ^ { J)  - 1 , 0 A 7 4*3  ? •)»'  //» O-  0 7*  r ( 3 ) 

♦ /.  73/  374*  ony'-lo«  r ( /,)  _i  # \ 7p-  1 ?*r  ( »*,) 

f.  f 7,  | 43S.444  0740-1  S*T  (A) -l  ♦ i 044*l«)?  74  70-  18*M  7) 

r "v;  j r s*’r,|  { o j»ir  r,|  ) 

i * * - <\»0|  { ^ J *|rG?  ) 

k •*'»*»  | ( or  3c •* | ) 

cr  r||0M  ’ 

TMP 


? 


« 0 


1 * 
?n 


22 


**  o 


*>  > 


t,  /. 


r0 


d|pc  •'i iT  t k'C  a * k'f^y  ( - oc  t ft  5 m*«  * t np,  AV*VA  t L I v I 7 i 9 L I v I T 2»0  AM  1 1 GAM2  t 
nr./  v 1 ,nr,'.'0  #r,  A'»,  np,A  w t r f r ,T>rtLlvlT3) 
p-'Ipi  c i>- rr  f c r <-i\j  I Ha  { 7 } , M'<n  { 7 ) , PI  H°  { 7 J » OHHB{  7 1 

r occr  jcf-’*'  h A w ^ A i 8 1 T ) , 0 G A VM  A ( 8*7) 

3-A|  L ! **  * T 1 

n T MU  M"  TOM  r,  { A K nr»iM  ( & 1 

^,c  <;ijnnni|T  fp  P R*i>nv  CVA1'JATP$  THF  POLYNOMIAL  EXPANSION  OF 
0/  mv  a ( ppc ) F r->  A GIVEN  VALUE  CF  FP^ 

M*n 

rn*,T  jMijr 

"X-** 
m?  - <; 

f r { rr,<:  #l  l'** r T3)  0°  TO  IB 

trjrpf  ,0T  .1  ? f‘  I T > ) 00  to  70 

jc(  ro<;.r,T.L  IM!  Ti)  GO  Tn  22 

r.o  *n  7A 
11  =4 
I 1 - 8 

r. n TO  OP 


11=3 
L’  = 7 
*"1  =7 

00  T0  30 


rn  rr  30 


I ' - n 

r^^'T  [M||C 

| s»P  I 1 J *GM»M  \ ( l 1,1) 

MllO|  I ) rtf,  / A it  7 , 1 ) 

m i|»  ( 1 ) »*v  Ml  1,1) 

nviim  ( 1 ) (|  ? , \\ 

V*»»*  j - VO-  | 

- -*  •>  f 2 7 , M | 

I MU  1-U  '•TOC  tr.i\MU\  I 11,1) 

•>  /,  |;?f  •!? 

111 1 n ( t ) -ijii'X  ( I -1  ) *r  o (12,1) 

n *■*  t r ? . fcl  1 **  1 

m 1 |I'  I ! ) ■.r'l  "•>  (|  -n  -»ri»$»0G  *'»««(  I l ) 

*'*'  ‘I  II  1-1  >'?•«! 

mnio  ( I j -rill. Of  1 - 1 ) <roc  *nc.****\[\.  2 , I ) 
« r | l AO 

r • 1 1 1 -c  • n f 1 •»«  ( mi  ) ) 

7-  • X*  / /,  1 - c*  i*|  ( MM«*  #►*»)) 

O-  v ( 1 ) - < •*G»  f'M  .»0  {v  1 - 1 ) ) 

1 oi  ( ('7-  1 ) ) 

»»■*  70 

r» " 1 u ■ <f  (.‘Ml 

r • ••  ' .-C  '"'ll  (*’.’)  1 

nr.  . ..  , ( 11  ."i  ('ll  - | ) ) 

«(•••■•;>  -<  -ti  1 1'uiin  j 1 ) 

••  r I-  r,n 

l\f  -ill  -<•><'.1  ( I >«>  | k;i  ) ) 

rn-n|  - < * '*.(  f mil-  ( m:>  ) ) 

or.,. "I  I ) .‘••••-c  ( i'l  .1  o («  | - | n 

nr  .*•  ( 1 ) -c  •T,|  j mu  n l ) ) 

f.n  * >'  /.0 

r0Si'»C 


w-  t 

r.1'  • f"  10 

in  1 r ( ’ t r 1 70  * 70,61 
1.  \ rp<!,»ir 

«7  -1 

m T n |n 
70  r-»iT  |.'|)F 
cr  I||ON 


IT  t nr  Cl  I*!  I MO  . p . Y . vr  . 0 • n o I 

rv  r»-Tir:  o 1 ‘»ci|To>i,*r'f;l7cr*,  .'.'10  l T J r p SCATT03J Nj 

- Tv,.-  Tr..o:cAii|OC,  V J ">  J ts  T HC  »Tl.e  pr »'f c VT 0 AT  J ON 
,-tty  r-.ki/-c'iT'  n » 1 n»i  » r vrr»T  iriycr)  |v  MiC  p j T r j m*; 

tor  cr?  t<;  i|i';i  c r \ r t -a  1 >>r, , o'iv'v:  A K'  > Arfcpr-'o  C E NT9  AT  { GN 


'P  MPC» 


T Ur 


' !Cr 


l ! ^ 

r»  t *•  •*  » C I r*»t  *.•  t;  A<!  |P*'C»-T  c t 

*•*  ' ->4»rn  r,H=  *" 

<«*  \tfp  0 | >.<*,  T I Mr 

I i*ivr  ‘•"‘pi  pi'.  c T - F MOT  H 

1’  *«•  i»  | r.  -n  ,y  ( /.  JJ  . »'l>r*o  <^n) 

♦ t“!  n 

■ ’ • i-i , !*  ~r  » . mi  , '»o»u2 

1 , v'-.u  >4 \ 

~ V J Vl  U 

irr.MU'''*  r.  \vu\ I h«  t ) V**A  l 8»  7 J 

■ “■  ■"M\ * %M  T S 

r.  I » C » J S 

! . 7 ?>*•>'. 

J 


1 1 » ~V  ■Mir  T"  f *'ArCUF  AC  { ES 

.o{/,  1 ;inmn  n-  ftCSE  TO  i.O 
-v-oii  1 v«riM*unc 


Twr  ArruSTJf  TC  DPT  l cat  PMONr^'S 


>•» 


V. 


M'r,? 

'•  l " 1 , * 
lts 

•»  » • * T . S 

..l  ' - r | | > 

I > , <i  / V | | ) 

* . * . * . » (\  t . ) p f 

«*•  1 - ’ »*  » M 


» inn. 


r*« I I 
■M  *' 


\,  r 


■ 0 | MM  » 


^ V * 1; | f , !».«  (Vtn^ATION 
, pj  p-t  1 I 

, l I »i  »•.;  1 m s I * * - “1/M?  ) * l 

iN'rsvm  1 •:  'i',in  rt  ki  fiia 


* V'ft 


,,,t  i~.  ti'  v-’  « •*  * "»*$  sr  » r • n f«;  ^ u \H  ? < 

j**  * »r  ■ n t .j  ,orM>»l  Ml  /t*«  U4' ■*»!  1 


> ■;  JI.V’.  1 vp  » 'M/(  |t|  1 )**l  W I » 

, . « .v  • i<  ••  | ,»} 

...-  . i ..  1 j /«<);)?  1 run 

.•  • | . 1 v | ♦ *,  » M MMH,  l(<I.M»l,UT|l/pnUJ 

• • l -.  ‘ J M 1 > 1 1 11  • f »» l /«'  A.i 

1.  n T».  »i  / 1 »»\  » 

1 l>|.  M »'  «M/f  V| 

. | AJ|f  • I ' l>.|*'*|'M( 

**70  { s I 

• t -t  • \*l*> 

M - 1 . M ‘i  * H « I 


T|  n->  1 =T1  ?•;? 

Tll  ^ 1 ->1/1  ,M 

[MrKc  T'rr'.AL  PHONONS 

"i-j-’W,  /111) 

IP/rr'r  r,r,|  o'1. 1 T'>/-=10n. 

»^t>-  .•>(  A)  *S-V  - (V  ( 1 ))/°(  5) 

1 .n/frr  PI  'nr)  -1.01 
ri(n.7"p»|  "VH.OI 
rop;  x r fiy-  tpr 

r m i o Ah>nT  ( x , r. A. a .nr,A,,M , l T u I T 1 » I ! M I T ? » 1. 1 Ml  T3  » 
r !MTr,i  , I>,TG?»MPPMt  »N0°M2) 

|MTrr,P/ T f rv  ^OPP 

M?s  | 

»’=Ml  -t 
L- 1 t 

Mr}'  1 

*■*  r 14  > /»J  { 

T*»I*M  =0.0 
▼ nr***  -o4n 
r cin'v.),  o 
«o  r^*»r  f v»i«* 

* r,| v 7 - o 

M C It  M | -•  0 
ncH'i = «■> 

^»rn  *o#o 

r*  **nr 

r«'  i no  i -i  , m 
r r*  c.  » <;  • 
nt  V - f *»« 

v I r 7rP  S-  rnr 
r c t»  - .«  c o <; 

r . II  «■  M-nx  I r PS  , rv  •'  M.%  , r»r.  V*M A , l ! “ r T I . \ . ! M » - 7.  , Oft  M l , f.A  M2  , 

? «•!*  7 ••  I ,•>{*.  A**  » ,r.A  V M . r I C » f Af  ,11  M I T •)) 

r n p 

* - t » v f.  * i 

t * t - T *;*  -i  /O':  A " \ 
tA  •*  -*••■■■»  /or.  »**-7 
j ;»/-*•«  a •*»  i ic»  | ry 

ii'Mrl  - - v -■ » « • * • | r,  *m  i 
r»  rv , . . r •>.«»>*-  p.  / M ? 

v".  V’  \ I T-'-’.f  ":«»*!  11.1  .'»«»*!  M .1  A y/,: ! ! * 1*  ^ 1 ♦ ^ 

* f .-{»?-'•(  >1  PM  *»».)-«  "I  */(•»«»»>•  j , J ) • 

« IT  | *1  '•■.M'MIUI,  ) / t n t>M*  * i . ) I /r  PS<»  ft  l .s 

* f t >f  * I 

I t 1.-.  ***l  * V'  " ’ ( 0A»*  l ) 

I I *•  ' i ^ ?'  . MOAM 2) 

MP.’II  'I  "p/'l  'M 
m .m  - • 5 n r i / * i f' 2 

....  . , '»**.•«  i?  T !?!'<■  1 

^ pi  *;s|nM  1 *:  N-T 

* r i r*-  ' \ ft  »•  »•  GA  T ! Vr 

-MM  -?'  '.*  *<••!”  f i\t"  ( | ) ) *Ot,V.<(  | ) 

u*M  ♦.*•(  i)  JM)r,\w(  -\) 

•-■'pi-  * ( T \C  l 

!i'l'!r)  P>«  'r.  ^0 


*‘oo|'p  Fv*ror,y  IN  UNIT*  'O'  KT  PC?.  EACH  I^T»‘RVAl 


op-rtf *1  PMOWM  evi^ION  IS  POSSIBLE 
tc  -pc!:th=t4/t  k o-^siTfvc 
m t'-oi  stoP1  vtnro«f?eT(av(?)  )*0f,AM(2) 

T''p-'-T''nnTf'pt>!'^Dt(r,4''{/,)  ) »Of,AM{  4) 

r-^o  ^ = Tnp3*TOp*»*«;0PT(  TIC) 

^ p’lrXr  iMyrocc  ^CATTpo^-G  TIME*  AMD  INVENT  TC  GET 
^rT«  img  ti^ss 
’i  si  uTu*Topn 

» ->  T i #n/(Tvi?fT*  p t-T  L 2* top?) 

*i  = i n/i  tk«3  + t | ^».t  i rnp^j 

Cr/TTCOIK  TfO«C 

„c,  *»-  i 'n.rwTW|  l ?*T L 2 1 ■'*  |fw*  A*<  \ /DG  AM?)  **2*5 

r'prfo,  nt  ri*Tl  ? l ncA'M  /nG'M2)*M  .5/eM\2 
r.,»M  -?dAc«1 ,S*CXP(C<D)  / » PFl  TA*nf,AMl 
D''lV>*T?rrs  "?**{  \ 5 ^ ^ X P < ESP)  / ( Of  l T A*DC>AM2  ) 

^iv  » s r 7*po* j # 5*  c XP{  c SP) 

!C  |«|  i*o,/»of  so 

' -Ol'1  i aC^MMt 

rcrp«?  = c^ijvPt<ilJM2 
u<li*,:»*r<‘.)'‘3  *Sl)M3 
*-■-  l 

Cn  100 

*->  rtu»i  s<s,;u«i  ♦cuul 

ocnv'=nf.lH3*-SU^3 
m-  n 

in-'  {Mills 

i-^n 

!"  1 \rrni>.T!>ir.  n < ,vr><;  '«■'•  <;  ®lll“  JMn  f^'-JUTE  HDBUItY 

..  V * c i»v  | i p C « !••  1 + | *4  , ♦ PSMV  ) A ? • ) / 3 ♦ 1 / S 1 I ► I*  ■*  I 

•€.!■> .,»*■  { I < S'-  UP»  SU'M*OS»'*ii«',.*FS»r,3*2.)/3.)  /E^TS*^ 
f r i «•■>  j 200 , 200 , 160 
p ' •*•>  ■»  — | 

M*  ) 
i^ir 

»'2  *•?*•) 
r 4 n . o 
r ■*  10 

■»!*■>  * *>  m * t **i  in 

.••••II  | , r«iu»'*  roi  * TS«|M  | /*|opmi 
- t^i|M.7/M00U? 

v . r !,  | . | ii -'  ii  | , v^n|  ■> » T)  / 1 cmJ  . 2*  1 MTC.  I • •' w?3?*  |W  ’G?* 

‘ ?!  I ,,Y’r-uro|i>iit,r'!<;  «>n  ■•  I c f'rt>tvjr ’vfs 

• . i c ■ * ~ * * ; of-  • i i , » T t i , , , ... 

..(■»»■  t-v.  M||.«I'|''I*A|»K|1I**I.S) 

I |T.t  '.»»•!  » 1 1 •*  *11!  ) ♦IUV<*Ml  I 

/•!!*- I MlUH'l 

«n.  • ,».*.»  u(  v * ( ii'i » iji  ) / IUnmjo) 

-\t  MJ  r<®M#nt /ur-"*‘«  L * ( < •**  * Ml  ) / HIOMIO) 


Pill  I l/YC 

«.»■  no  ( ■»  j a 0.0 
nr  nr  { /,  j r 1 , 0 

with  wpoiuiy 

V « M '‘f.I  YC) 

-■**■  ’ 110*1 
rvn 


Table  I.  Constants  used  in  evaluation  of 

secular  equation  (Eq.  (2)  of  text). 


Quantity 

Value 

Units 

V 

1/5  a 

q 

1/105  a 

■ OUli 

eV 

A C 

-1).27 

B C 

-0.63 

•fi2/2m( 

H C 

-8.75 

fi2/2m 

Vsf.  (6M  °Ref.  (65) 


‘spherically 

averaged 

value 


Table  II. 

Results  of  carrier  concentration  analysis 
with  temperature  independent  effective  mass. 

Sample 

K 

a 

(cm  3) 

Ha 

(cm'3) 

E 

a 

(meV) 

* 

mA/m 
d e 

Stand.  Dev. 
of  Fit 

(io“2) 

\\ 

Si :B-1 

lit 

1.32  *10 

12 

8.30  *10 

44.2 

• 59a 

1.0 

1 ' 
i 

1.35  xlO1*1 

12 

8.32  *10 

43.9 

.53 

0.5 

i 

3i:B-2 

5 . Uo  xlO13 

4.67  xio13 

43.2 

• 59a 

2.2 

| 

3i:B-3 

5.82  *1016 

2.45  xio15 

4l.l 

• 59a 

0.9 

£ 

7.61  xlO16 

2.27  xlO15 

4l.l 

.47 

0.7 

8l:B-4 

1.24  XlO15 

7.48  xio12 

45.0 

• 59a 

1.4 

1.15  *1015 

7.57  xlO12 

45.2 

.66 

1.2 

l 

Ui:B-5 

1.48  xio15 

2.14  xio12 

44.9 

• 59a 

1.4 

i- 

1.43  xio15 

2.08  xio12 

45.0 

.62 

1.4 

f; 

3 i : B-6 

3.36  xiolf 

2.34  xio1*4 

44.3 

• 59a 

3-5 

Sl:B-7 

1.76  xlO16 

1.91  xlO13 

45.4 

• 59a 

2.8 

i 

| 

1.30  xlO16 

7.69  “1012 

49.0 

1.16 

2.0 

,v 

\ i 

f' 

Si -.15-8 

1 h 

l.Vi  *10 

12 

I*  .99  XlO 

45.3 

• 59s 

1.8 

*.;•! 

l 

1.40  xlO1 

12 

5.13  *10x* 

45.8 

.71 

0.7 

i- 

1 3i  :IJ-lU 

2.14  «1013 

1.26  xlO13 

44.8 

• 59a 

0.5 

S' 

13 

I?. 10  *10  J 

1.22  xlO13 

44.7 

.61 

0.5 

-59' 


Table  III.  Results  of  carrier  concentration  analysis 
for  temperature  dependent  effective  mass. 


Sample 

N 

a 

(cm  3) 

Nd 

-.cm 

E 

a 

(meV) 

m.(T)/m 
d e 

Stand.  Dev. 
of  Fit 

do'2) 

Si :B-1 

ll* 

1.30  *10 

7.86  *1012 

11.3 

• 56a 

1.5 

1.3l  xlO11* 

12 

7 .97  *10 

11.7 

.18 

0.6 

Si :B-2 

5.86  xlO13 

5.07  *1013 

12. 9 

• 56a 

2.1 

Si : B-li 

1.18  *1015 

7.11  *1012 

15-0 

• 56a 

1.2 

1.11  *1015 

1° 

7.2.  *10 

15.1 

.61 

1.1 

Si : B— 5 

1.39  *1015 

12 

2.05  *10 

11.8 

.56* 

1.3 

1.37  *1015 

(M 

O 

H 

o 

o 

11.9 

.59 

1.3 

Si-.B-T 

1.57  «1016 

1.88  *101J 

15.1 

rf a 

.50 

1.6 

1.87  «10i6 

8.68  no12 

18.2 

.96 

1.3 

Si : B-8 

1.51  <10Ll' 

1.81  no12 

15.3 

• 56a 

1.1 

1.17  no11' 

io 

h.92  x\o 

15.6 

.61 

0.8 

St :B-ll 

:;.S7  *io1! 

i.io  *ioL3 

11.5 

• 56tt 

0.5 

13 

r>.io  *10-’ 

1.82  «1013 

M .5 

.52 

0.5 

‘ value  fixed 


Table  IV.  Results  of  mobility  fits  used  to  determine 


IP/-. 


the  lattice  scattering  parameter  t 


1 

1 

R 

Sample 

T 

O 

(sec) 

do-9) 

N. 

d-7 

(cm  j) 

wa 

Aa 

Ga 

Stand . 
Dev.  of 
Fit 

do"2) 

Temperature 

Range 

(K) 

i 

Si :B-8 

5.25 

U.l»5  *1012 

2.0 

2.0 

1.0 

1.2 

25-80 

1 

Si:B-ll 

5.17 

13 

1.39  *10 

2.0 

2.0 

1.0 

1.6 

25-80 

. 

Si : B-l 

5-39 

12 

3.17  *10 

2.0 

2.0 

1.0 

1.0 

25-80 

!ttvalue  fixed 

Table  V.  Mobility  fits  used  to  investigate  influence 

I | of  0 on  the  determination  of  t . 

fc  o 


Sample 

a 

T 

O 

( 000  ) 
do"9) 

N. 

<l-3 
(cm  S) 

wa 

A” 

Stand . 
Dev.  of 
Kit 

do'2) 

Temperature 

Range 

<K) 

k 

::i  :H-xU 

5-25 

1 . U0  *1013 

2.0 

2.0 

0.09 

0.5 

25-80 

£ 

'V 

‘if 

Si : 11- 1 

5.25 

ii  .01  *io12 

2.0 

2.0 

1.03 

1.6 

25-80 

?.-*  f ;l 

I/'  • value  fixed 

^ • 

?'*  i 


i 


-«»'  - 


Table  VI.  Results  of  mobility  fits  used  to 


determine  W. 


Sample 

ia 

o 

(sec) 

tt.  W Aa 

d 

G 

Stand . 
Dev.  of 
Fit 

Temperature 

Range 

do'9) 

(cm-3) 

do'2) 

(K) 

Si:B-8 

5-25 

It . 09  *1012  2.00  2.0 

0.99 

1.3 

25-U00 

Si :B-lH 

5.25 

1.31*  xlO13  1.78  2.0 

0.98 

1.1 

25-300 

value  fixed 


Table  VII.  Comparison  of  compensation  density  as 


determined  from  mobility  and  carrier  concentration 

analysis.  I 

I 

I 


.V 

Sample 

N 

a 

/d 

irom 

carrier 
concentration 
analysis (cm  ! 

.Na 

irom 

mobility 
analysis 
) (cm”) 

A 

G Stand . 
Dev.  of 
Fit 

do-2) 

1 

S’ 

0 

6.11  xlO12 

2.0a 

0.98 

0.8 

j 

Si:  11-6 

1.18 

*1015 

7 -ll*  xlO12 

12 

7.05  *10 

6 ,0a 

0.98 

0.8 

12 

7.37  *10 

6,0a 

0.98 

0.8 

1.56  xio” 

2.0a 

0.95 

1.2 

3 

Si:  11-5 

1.39 

*lo” 

2.05  «1012 

2.19  *10^ 

6.0° 

0.96 

0.9 

2.I13  XlO12 

6.oa 

0.9 6 

0.8 

i 

v*.i : 1>-C 

1.51 

XlO11’ 

ii.au  no1''’ 

6.27  «1012 

2.0a 

0.99 

1.3 

6,37  *1012 

6.0a 

0.99 

1.3 

21  :1'-16 

2.27 

.10” 

i.i.0  no” 

13 

3.39  *10 

2.0a 

0.99 

1.6 

1.39  *10” 

6.0° 

0.99 

1.6 

8i:il-3 

5.06 

xlOlG 

2.65  *10X5 

1.32  «1015 

3.3 

0.88 

1.5 

SI  : 11-6 

3.36 

»10lf 

2.36  no” 

lL 

1*.57  *10 

2.0 

0.98 

3.6 

Si : B-7 

1.57 

no16 

1.88  no” 

2.60  no” 

2.2 

0.9'1 

2.1 

value  fixed 


Table  VIII.  Results  of  mobility  fits  assuming  a parabolic 


band  model. 


Sample  tq 

(sec) 
(10-9) 

Md 

(era  ■*) 

W 

A 

G Stand. 
Dev.  of 
Fit 

(10~S) 

Si:B-8 

3.09  ii.TxlO9 

5.98 

2.0b  1.0b 

9-1 

2.95  2.3  xlO12 

5-99 

2.0b  1.0b 

5-8 

parameter  did  not  converge  to  required  confidence  level 
bvulue  fixed 


of  the  energy • A constant 


TEMPERATURE  (K) 


POTENTIOMETER 
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20  30  40  50  80  100  150  200  300 

TEMPERATURE (K) 

FIG.  13.  Mobility  fit  (solid  line)  asaunlng  a parabolic  valence  band 
structure  to  the  experimental  data  (coded  points)  of  The 

pamneters  determined  froo  this  fit  are  given  in  Table  V 1 1 1 . 


RELATIVE  ERROR 


'Utility  flu  u the  data  or  <51 ; J*-0 . T>»*  yaraK-llc  »r.d  r.vn*|**rabol  U 

fit*  have  been  urui-lw!  In  FSr«.  « and  9.  respeC lively.  VeUUve  error 
la  defined  •»  Krror  ■ Uv^  - 100,  where  Is  the  cwa&ured 

apbtmy  end  uc  la  the  calculate l r*biHty.  V.e  r*r«*r.cter*  for  the 
calculated  utility  arc  *iv*r.  for  the  tartWlle  aid  non*;.nr»bol le  c*»e» 


in  Tables  V1U  end  VJ,  re«j*ctlv«ly. 


50  100  150  200  250  300 

TEMPERATURE  (K) 


FIG.  15*  Relative  error  in  percent  for  the  parabolic  and  non-parabolic 
caobility  fits  to  the  data  of  Si:B-lk.  The  parabolic  and  non-parabolic 
fitn  have  been  graphed  in  Figs.  13  and  10,  respectively.  The  relative 
error  is  defined  as  in  the  caption  to  Fig.  ll.  The  parameters  for  the 
calculated  oobility  are  given  for  the  parabolic  and  non-parabolic  cases 
in  Tables  VIII  and  VI,  respectively. 
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LATTICE  MOBILITY  (cm2/V  sec) 


I 

% 


m 16  UtUce-.c.iwrlBg-U«t«l  teMHty  «»unlu8  P»r.boUc  ui 
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ABSORPTION  EDGE  SHIFT  IN  HEAVILY  DOPED 
LEAD-TIN  TFLLURIDE 


CHAPTER  I 


INTRODUCTION 

The  lead- tin  telluride  ((Pb,Sn)Te)  alloy  system  has  been  studied 
extensively  by  many  investigators  in  the  past  ten  years.  A summary  of 
the  important  results  is  given  in  two  excellent  review  articles^ which 
also  discuss  the  possible  applications  of  thi9  material.  (Pb,Sn)Te  is  a 
narrow  gap  semiconductor  and  is  aenaitive  to  the  infrared  spectrum  of  the 
electromagnetic  radiation.  Since  the  energy  gap  depends  on  the  composition 
and  temperature,  both  diode  lasers  and  photon  detectors  with  maximum  sensi- 
tivity at  any  desired  wavelength  between  5 and  30  micrometers  can  be  fabri- 
cated. 

ThU  study  la  concerned  with  Impurity  diffusion  in  fPb»Sn)T«  and 
the  effect  of  those  diffused  impurities  on  its  optical  and  electrical 
properties.  By  using  light  sensitive  diffused  load-tin  telluride  detec- 
tors, ue  were  able  to  examine  the  behavior  of  the  fundamental  absorption 
edge  as  a function  of  Impurity  concentration,  the  content  fractional 
amount  of  SnTe  in  the  crystal,  and  the  to «j»erau.r«.  Our  vosults  indicate 
throe  different  behaviors  corresponding  to  three  types  of  impurities i 
cadmium,  antimony,  and  a mixture  of  cadmium  and  indium.  Cadmium  diffu- 
sion may  result  in  a material  with  carrier  concentration  ne  low  as 
per  cm\  Por  (Pb,Sn)Te  with  carrier  density  below  10*®  per  cm"*  there 
is  essentially  no  change  in  the  energy  gap.  U,  hovt-vor,  as  a reif.lt  of 
the  diffusion  the  carrier  concentration  is  highor,  such  as  in  the  case 
of  antimony  diffusion,  thero  is  a considerable  ohlfi  In  Che  fundamental 


absorption  edge.  Then  the  material  is  no  longer  sensitive  to  lower 

energy  radiation.  We  compared  the  two  cases  by  measuring  the  spectral 

response  of  two  types  of  photodiodes:  one  was  made  by  diffusing  Sb  and 

the  other  by  diffusing  Cd  into  <Pb,Sn)Te.  A similar  displacement  of 

the  absorption  edge  had  been  observed  in  data  obtained  from  transmission 
3 

measurements.  These  transmission  results*  which  had  been  performed 

earlier  in  our  laboratory,  revealed  that  in  undiffused,  unannealed 

(Pb,Sn)Te,  where  excess  of  tellurium  is  a source  of  high  carrier  density, 

there  is  .an  obvious  shift  in  the  absorption  edge.  A model  proposed  by 
A 

Butstein  was  used  to  explain  this  anomalous  behavior.  It  is  suggested 
that  for  email  gap  materials  with  a email  effective  mass  and  high  carrier 
concentration,  the  Fermi  energy,  Ef,  moves  to  either  the  conduction  or  the 
valence  band,  depending  whether  it  la  n-typc  or  p-type  semiconductor. 

Since  we  are  dealing  with  a direct  gap  semiconductor,  the  photon  energy, 
hv,  required  to  excite  electron  hole  pair  in  such  a degenerate  material 
is  greater  than  the  energy  gap  Eg,  Hero  h is  Planck's  constant  and  v la 
the  photon  frequency.  For  (Pb,Sn)Te  it  is  given  by 

hv  - Er  + 2(U{  - yk^T)  (1.1) 

where  y depends  only  on  Che  absorption  coefficient,  k^  in  Boltzmann's 
constant,  and  T is  the  absolute  temperature.  We  used  Kane's  nonpavabolic 
band  raodul^  in  calculating  the  Fermi  level  and  showed  that  this  model  is 
in  agreement  with  the  experimental  resulta.  Tlx*  experimental  values  of 
hv  for  two  samples  have  been  fit  to  the  calculated  ones  using  a digital 
computer,  and  values  for  y and  the  effective  mass,  m*,  were  obrnined. 
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A different  type  of  diffused  (Pb,Sn)Te  produced  an  even  more 
pronounced  change  In  its  absorption  spectra.  In  this  case  the  dif- 


fif- 


\ 


i I 


I 


fusion  of  cadmium-indium  alloy  produced  material  with  higher  resistivity, 
lower  carrier  density,  and  larger  energy  gap  than  ever  reported  before. 
This  is  probably  due  to  some  change  in  the  compound  itself  rather  than 
just  in  its  doping  level.  It  was  observed  that  although  the  crystalline 
structure  remains  essentially  the  same,  the  unit  cell  expands  as  a result 
of  the  diffusion.  X-ray  examination  and  microprobing  indicate  microscopic 
canters  of  impurity.  The  effect  is  more  pronounced  as  the  diffusion  tem- 
perature is  increased.  The  temperature  dependence  of  Che  Hall  coefficient 
and  mobility  of  various  Gd-In  diffused  samples  were  Btudied  in  an  effort 
to  characterize  the  phenomenon. 

In  the  next  chapter  we  present  background  information  on  lead-tin 
telluride.  We  discuss  its  energy  band  structure  and  Its  phase  diagram 
sines  these  are  important  for  the  understanding  of  our  study.  The  phase 
diagram  explains  why  the  physical  properties  of  the  matorial  depend  to  a 
largo  degree  on  the  technique  and  condition  of  its  preparation.  This 
critical  dependency  is  our  reason  for  choosing  to  dovoto  a significant 
part  of  the  study  to  crystal  growth.  The  last  two  sections  of  chapter  2 
contain  the  basic  theory  of  impurity  diffusion  in  semiconductors  and  of 
p-n  junctions. 

Chaptor  £11  describes  tha  oxpcrimontol  techniques  which  were  used 
in  this  study.  Crystal  growth  methods  and  evaluations  by  x-ray  are 
described  in  detail,  followed  by  diffusion  and  diode  fabrication  pro- 
cedures. The  electrical  and  optical  setups  which  ve  used,  as  well  ss  the 
measurement  techniques,  are  also  discussed  in  that  chapter.  Our  experl- 
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mental  results  and  calculations  are  presented  and  compared  in  chapter  IV 


Chapter  V summarizes  the  results  of  our  measurements  and  dis- 
cusses the  conclusions  we  have  drawn  from  them. 


CHAPTER  IX 

BACKGROUND  AND  THEORY 


A.  Material  Properties 

Lead-tin  telluride  is  an  alloy  system  composed  of  two  1V-V1 
compounds,  PbTe  and  SnTe . ^ ^ In  general  this  mixed  alloy  has  similar 
properties  to  lead  salt  compounds,  and  is  referred  to  aa  a pseudobinary 
alloy  system.  The  lead  salts  which  include  sulfur,  selenium,  or  tellurium 
are  called  lead  chalcogenidss  and  their  chemical  bonds  are  mixtures  of 
ionic  and  covalent  bonds. ^ Both  PbTs  and  SnTe  have  a face  center  cubic 

cryacal  structure  aud  their  lattice  constnnta  differ  by  only  two  par- 
8 9 

cent.  ’ The  ordering  of  the  atoms  along  any  principal  axis  it.;  metal. 

To,  metal,  Te...  Whan  PbTe  and  SnTa  are  mlxad  and  reacted  properly,  the 
paeudobinory  Ph^  ^Sn^Te  alloy  is  obtained.  These  alloye  exhibit  complete 
solid  solubility  for  any  composition. ^ The  resulting  compound  also  haa  a 

NaCl  crystal  structure  but  the  metal  alums  are  either  lead  or  tin  depond- 

2 

log  on  the  fractional  content  of  SnTe, a,  in  the  alloy.  It  was  found  that 
when  varying  the  alloy  fraction,  x,  the  melting  point  of  the  system  changes 

aa  ahown  in  figure  1.^'^  The  lattice  constant  and  the  density  of 

r y 

Pbj^Bn^Te  are  found  to  be  an  almost  linear  function  of  x. ' ' 

1.  Band  Structure 

The  minimum  enevgy  gup  of  this  system  occurs  at  the  1.(111)  point 
of  the  Brillouin  zone  face.*  Within  the  first  zone  there  arc  eight 
equivalent  half  ellipsoidal  constant  energy  surfaces  with  mujor  axes  in 

Cho  <111>  directions.  The  energy  gap  of  the  lead  salts  increases  with 
12 

touporature.  In  uiost  other  setui conduct ing  materials,  including  SnTo 


13 

the  band  gap  decreasee  with  temperature.  The  energy  gap  of  the 
(Pb,Sn)Te  mixed  system  varies  strongly  with  both  the  alloy  frac- 
tion and-  the  temperature  as  shown  in  figure  2.  These  energy  gap  or 

composition  curves  are  deduced  from  experimental  results  of  many 
12 

investigators.  However , although  many  independent  experiments 
support  these  curves,  they  were  all  done  on  Pb^  xSnxTe  samples  with 
fractional  SnTe  constant,  x,  smaller  than  0.35  or  on  pure  SnTe.  For 
alloy  composition  with  corresponding  0.35  < x < 1 the  homogeneity 
range  is  shifted  far  into  the  metal  deficient  region  (as  discussed 

later)  and  it  is  impossible  to  obtain  material  with  hole  concentra- 
19  3 

tion  of  loss  than  10  per  cm  , Due.  to  the  high  free  carrier  con- 
centration, meaningful  optical  measurements  cannot  be  performed.  For 
material  with  SnTe  content  less  than  35  percent,  the  energy  gap  was 

determined  by  optical  absorption  measurements, detector  re- 
19  20  12  21  22 

eponse  cutoff  * and  laser  emission.  ’ ’ Tunneling  experiments 

13 

were  used  for  the  determination  of  SnTe  energy  gap. 

The  unusual  behavior  of  the  energy  gap  as  a function  of  the 

12  3S 

alloy  composition  was  explained  by  Dimmock,  Kelngallis  and  Strauss  ’ 
(DMS).  Thoir  band  structure  model  suggests  a band  invsrslon  at  some 
intermediate  alloy  composition.  For  PbTs  the  energy  state  is  tbs 
valence  band  edge  while  the  1^  is  the  conduction  band.  When  alloying 
with  SnTe,  the  two  states  approach  each  other  as  shown  schematically 
in  figure  3.  Ae  the  percentage  of  SnTe  is  inereasod  in  the  alloy,  the 
separation  between  the  two  bands,  E^,  decreases  and  bocomos  roro  at 
some  intermediate  composition.  On  further  increasing  the  SnTe  content, 
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the  Lg  state  beanmes  higher  than  the  and  the  two  bands  interchange 



their  rolls:  the  L,  state  is  now  the  conduction  baud  aue  the  L,  is 
Q 6 

the  valence  band. 

Looking  again  at  figure  2 we  see  that  the  temperature  coef- 
ficient of  the  energy  gap,  dE  /dU,  changes  sign  at  t'h'-  : > on  ooint. . 

8 

All  experimental  results,  performed  on  Pb^^Sn^Te  with  x ^ and  on 
SnTe,  for  direct  determination  of  the  energy  gap  by  optical  ;*u\iv..remeuls , 
are  in  full  agreement  with  the  DMS  band  inversion  model.  A:,  mentioned 
earlier,  due  to  its  prohibitive  high  hole  density,  no  direct  measure- 
ments could  verify  this  model  on  material  with  composition  in  the 
crossover  region.  The  only  experimental  support  for  cl  is  ■■ -.nupos  it  A n 
region  comes  from  moasurewonts  of  the  electrical  resist iv.ry  a:,  a 

function  of  temperature.  These  measurements,  which  worn  done  Mrar.  bv 
23 

Dixon  and  Bis,  show  that  at  a composition  near  the  exp*  -•<:  »• -o'*. r , 
the  temperature  variation  of  the  resistivity  shows  a din.  !*.v  : r.r.»*  i 
an  otherwise  almost  linear  dependency.  This  break  .om  i*.  i<  *.  » .« 
change  in  sign  of  the  temperature  coefficient  of  the  ■ «>  : , d:.'  - tp  , 

at  tho  inversion  point.  We  have  made  similar  measuivn-- ;•  - ••«i«h 

cryetol  with  x - .44  and  obtained  similar  results  which  i <-  ■ .-d  in 

figure  4.  Tho  changes  in  the  slopes,  or  tho  breaks  in  th?  * .j...siviiv 
temperature  curves,  take  place  at  different  temporaum  • i : . ••  :.!-.  ••  n 
tho  composition  of  the  sample  as  oxpoctod  from  the  i)M: 

Theorctical  calculation  of  the  energy  states  r.h.-v  * s-  • n * 
empty  lattice  model  of  the  IV -VI  compounds  one  would  ; ■ i«  *.  1 » t »- 

to  bo  of  higher  energy  than  the  L^.  Although  this  i . ; .■*  ■ i : V-  - ■ 


for  some  compounds,  just  the  opposite  occurs  In  the  lead  chalcogenldes . 

The  reason  is  due  to  the  importance  of  the  relativistic  correction  on 
24  + 

the  level.  The  state  originates  from  the  L-^  level  when  energy 
splitting  due  to  spin-orbit  interaction  is  taken  into  account.  The 
state  has  an  S-type  symmetry  around  the  lead  atom.  This  heavy  atom  is 
the  source  for  the  significance  of  the  relativistic  correction  to  the 
extant  of  inverting  the  normal  order  of  the  and  the  levels.  Aa 
the  fraction  of  the  lead  atoms  decreases  and  is  replaced  by  much  lighter 

tin  atoms,  the  relativistic  correction  becomes  less  important. 

25 

A chemical  approach  was  used  by  Wemplo  for  explaining  the  energy 
gap  variation  and  the  band  inversion  in  lead-tin  telluride.  He  proposed 
that  the  possible  basis  for  the  energy  variation  at  the  l point  la  the 
variation  with  composition  of  the  electronegativity  difference,  C,  of 
two  neighboring  atoms.  In  fact,  he  showed  that  with  soma  approximations 
C is  proportional  to  the  difference  between  the  number  of  valence  elec- 
trons of  the  two  atoms.  In  this  case,  since  ue  aro  dealing  with  a mixture 
of  ionic  and  covalent  bonds,  C deponds  on  the  charge  distribution  around 
the  two  atoms.  Uhea  the  content  of  SnTe  in  the  alloy  increases,  the  charge 
distribution  changes  in  such  a way  that  the  cations  and  anions  tond  to 
change  their  vole  in  a manner  similar  to  tho  valence  and  conduction  bands. 
At  tho  crossover  point  (x  % 0.65  at  300K)  the  oloctronogatlvity  difference 
and  hence  the  ionicity  fall  to  toro  and  the  matorial  shows  metallic  physi- 
cal properties. 

Many  detailed  calculations  of  the  temperature  dependence  of  E 

O 

26 

based  on  theoretical  determination  of  tho  band  structure*0  and  the 
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2 17 

experimental  results  * have  been  reported.  Within  the  Lth.ij 

range  of  50-300K, dS^/dT  is  almost  constant  with  reported  va]u. 

(3.8  + .5)  x 10  ^ eV/K.  Tauber  et  al.^  observed  that  the  vein; 

coefficient  approaches  zero  at  te  jratures  close  to  4 00 is 

gested  the  existence  of  a second  valence  band.  This  sec.-  . 

not  move  with  temperature  and  .t  temperatures  lower  than  'n\s. 

than  the  first  valence  band  and  therefore  its  contribution  » 

absorption  process  is  not  evident.  Upon  increasing  the  u 

first  valence  band  moven  below  the  second  one  and  the  obserc, 

tions  are  between  the  latter  and  the  conduction  band. 

3 

Lockwood  usod  transmission  measurements  and  diode  v. 
to  plot  the  optical  gap  variation  with  temperature.  Hit*  .If; 
meats  at  low  temperature  (2-8QK)  show  consistent  dec  re  .•»««• 
pared  to  the  linear  region.  In  u lew  sump  lee  lie  ob&fivi-l  « 
temperature  coefficient  at  temperatures  below  25K. 

2.  Phase  Diagram 

Tho  physical  properties  of  lead  chalcogen  Ides  me  x 

27 

large  degree  by  their  reapeci ive  phase  diagrams  (tei'per.r 
composition  re  la  t ionu).  Even  when  starting  with  pine  v.>:. 
both,  the  nature  of  conduction  and  the  carrior  conrcnt  i >,*  * 
the  condition  of  crystal  preparation.  According  to  th«  j»i.  • 

t 

the  temperature  and  the  pressure  which  exist  during  th«  i = 
the  material  effect  tho  proportion  of  its  component:*  •<  - 
degree  of  deviation  from  stoichiometry. The  ivju-  »• 
of  charge  carriers,  then,  are  determined  hy  the  cryM»« 


Also,  if  the  phase  diagram  is  known,  the  carrier  concentration  may  be 
adjusted  or  even  inverted  by  excess  metal  (or  excess  Te)  saturation 
under  controlled  temperature  and  pressure.^  This  process  is  called 
annealing  and  will  be  discussed  in  the  next  chapter. 

The  upper  portion  of  figure  5 shows  the  temperature-composition 
projection  for  a PbTe  system.  The  compound  exhibits  very  small  devi- 
ation from  stoichiometry,  and  on  this  scale  it  is  represented  by  a 
single  line  at  50  atomic  percent  Te.  A detailed  examination  of  the 
deviation  from  stiochometry  can  be  obtained  from  the  lower  part  of 

figure  5.  The  phase  diagram  of  PbTe  and  PbA  0_Sn_  ,^Te  in  the  vicinity 

U. O/  U. iJ 

of  50  atomic  percent  Te  is  presented  on  an  expanded  scale.  . It  is  im- 
portant to  observe  that  the  homogeneity  ranges  for  both  compounds 
include  the  stoichiometric  composition  only  at  temperatures  below  the 
maximum  (respective)  molting  points.  At  this  temperature  the  compound 
is  always  Te-rich.  As  x increases,  the  melting  temperature  of  I’bj  Sn  T« 
along  with  the  homogeneity  range  shift  toward  the  Te-rich  side  of  the 
diagram  as  seen,  also,  from  the  experimental  results  in  figure  6.  The 
crossover  temperature  from  p-typo  to  n-type  decreases  too.  In  fact, 
for  x larger  than  about  0.33  it  is  practically  impossible  to  obtain  n- 
typo  material  by  self  annealing.  The  farther  tbo  crystal  is  from 
stoichiometric  composition,  the  greater  is  the  metal  deficiency.  This 

27 

is  a aouvee  for  more  lattice  point  defects  which  arc  always  ionized 
and  contribute  froe  charge  carriers  to  the  electrical  conduction 
weehanium. 

The  annealing  technique^ ’ 1 ^ involves  an  equilibrium  con- 
dition between  tbo  sample  and  motnl  rich  powder  of  the  same  composition, 
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at  a desired  temperature.  This  is  done  in  an  evacuated  quartz  ampoule. 
The  sample  and  the  powder  are  in  quasi  equilibrium  ivth  the  vapor  phase. 
Since  there  is  only  one  degree  of  freedom  in  this  dosed  system,  fixing 
the  temperature  would  fix  the  equilibrated  composition  of  each  phase. 

The  phase  diagram,  then,  can  tell  us  at  what  temperature  me  should 

anneal  in  order  to  obtain  the  desired  Carrie*'  •'■•nsity  for  a given  com- 

15  3 

position.  Carrier  concentrations  as  low  as  10  per  cm  have  been  re- 
27 

ported  using  this  method.  Our  experience  shows  no  difficulties  in  an- 

16  3 

nealing  material  to  a carrier  density  of  the  order  of  10  per  cm  . 

H.  Charge  Carriers  Statistics 

In  an  intrinsic  semiconductor  the  conduction  mechanism  is 

dominated  by  electrons  which  are  thermally  excited  from  the  valence 
30 

hand  to  the  conduction  band.  The  density  of  the  conduction  bend 
electron,  n,  and  the  valence  band  holes,  p,  in  such  a materiel,  depend 
on  the  nature  of  these  bands,  their  separation  (for  forbidded  gap)  and 
the  temperature.  We  wish  to  find  expressions  of  the  electron  density 
aa  n function  of  the  band  parameters  and  the  temporature.  Va  will  cou- 
sldor  two  casest  the  first  is  the  most  common  end  simple  situation  of 
parabollcally  spaced  conatant-onorgy-surface  in  k-spaca,  and  then  the 
nonparabolic  energy  vavo  vector  dispersion  relation.  The  second  case 
io  common  in  narrow  gap  semiconductors  such  as  load-tin  tellurldt  and 
therefore  la  of  special  interest  for  us.  The  holo  density  can  be  cal- 
culated in  a similar  way. 

In  general  the  number  of  free  electrons  present  par  unit  volume 
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The  integral  (2,1)  Is  evaluated  from  the  bottom  of  the  conduction  baud. 
30 

It  is  simple  to  show  that  the  number  of  states  per  unit  volume  within 
an  infinitesimal  range  of  onergy  or  wave-vector,  k,  is 

g(E)‘dE  - g(k)-dk  » (~)?Mk  . (2.3) 

Using  equations  (2.2)  and  (2.3)  in  equation  (2.1)  we  got 


(u>  0 

k'dk  

l+e'xpT(E-E  )/k,.T)  1 

" 0 


(2.4) 


This  Integral  eon  be  used  to  evaluate  the  electron  density  if  tho 
energy-wave  vector  dispersion  relation  is  known. 

For  a spherical  constant-energy-auriace  Lho  parabolic  E-k  rela- 


tion ia 


(2.5) 
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where  E is  measured  from  the  bottom  of  the  conduction  band  and 
* * * *1/3 

m * (mx  ra^  tO  is  the  density-of-states  (scalar)  effective  mass 
From  equation  (2.5)  we  get 


k2dk  . | (^3/2  El/2dK 
1 n 


which  is  substituted  in  equation  (2. A)  to  give 


- l /2m^\3/2  f”  E1/2dK 
" ’ h2  J l+e*P('(B-Ef)/kBT]  - 


It  is  convenient  to  use  dimensionless  notations,  x = E/k-T.and  n “ 
and  then  equation  (2.7)  becomes 


, ,2mV,3/2 

n » 4«( — -5 — ) 
ti 


| rf 


1/2dx 
l+exp(x- n) 


whine 


“ NC  Fl/2<n) 


2«m  k T 3/2 
H . 2(_JL) 

C tl 


and 


f-j/jCn)  “ 2ti 


-1/2 


/“  1/2 , 

X tlx 

l+exp(x-n) 


In  a similar  manner  we  can  show  that  the  hole  density  is 


(2.6) 

(2.7) 
E£/kBT, 

(2.8) 

(2.9) 

(2.10) 


p " \ Fl/2(-C*  "n) 


(2.11) 


where  is  the  same  expression  as  of  equation  (2.9)  but  here  the 
hole  effective  mass,  rather  than  the  electron  effective  mass,  is  used, 
e » E^/k^T  is  the  dimensionless  energy  gap. 

For  an  intrinsic  semiconductor,  where  r>  is  negative,  the  Fermi - 
Dirac  integrals  can  be  replaced  by  their  limited  forms  so  that  the 
intrinsic  carrier  concentration  is  obtained 


n.  « np  « N N exp(r.) 
1 c v 


(2.12) 


or  In  conventional  energy  units 


•J/2 


nt  » (NcNv)J' ‘exp  (•.!•:  721^) 


(2.13) 


U‘  • 

»v-  • 


Next  we  proceed  to  calculate  the  electron  density  for  the  non- 
parabolic  hand  structure.  The  dispersion  relations  for  small  gap 
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who  used  the  Kano 


semiconductors  has  been  given  l.y  Harman  et  al 
baud  model.  With  additional  restrictions  that  in  <<  n and  E <<  E 


(small  gap)  the  following  relationships  are  obtained: 

k2  » («Y1.)(1+ |-)K 

h R 

h2E(l  + —) 

.k-_.Ni/2 

2*2m*(l  + •”) 

r. 

R 


dK 

ilk 


8 


(2. 14) 


(2.15) 


Wo  use  those  results  in  equation  (2.4),  as  we  did  in  the  parabolic 
case  and  wo  get 

. • 3ft  - * F> 

n“4’(ll2)  f ' l+exp l (ii-E j) /kjjT ) ^ iE  ' 


(2.16a) 


For  large  band  gap  E »,  this  expression  becomes  identical  to  the 
parabolic  expression  (2.7).  Again  we  make  use  of  the  dimensionless 
notations  and  rewrite  equation  (2.16a)  as: 


a 


[2  (—j— )3/2][2h'1/2  | 


x1/2d  + -)1/2d  + — > 


l+cxp (x-n) 


dx].  (2, 


We  shall  use  the  last  expression  in  section  D of  chapterVT  to  extract 
the  Fermi  level  for  given  n,  and  T.  The  intrinsic  carrier  density 
for  lead-tin  telluride  was  shown1  to  be 


V 


n,  » 2.9x1015(TE  )3/2exp  - (E  /1.72xlO~S)  (2.17) 

i 8 6 

C.  Diffusion  and  p-n  Junction 

Impurity  diffusion  and  isothermal  annealing  have  been  used  suc- 
cessfully to  reduce  the  carrier  concentration1®’1^1  of  as-grown  lead-tin 
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telluride,  and  to  form  p-n  junction.  ’ 
i.  Diffusion  in  Semiconductors 

Diffusion  is  the  transport  of  an  impurity  in  some  host  material 
33 

due  to  thermal  motion.  If  there  exists  a concentration  gradient  of 
the  impurity,  the  diffusion  process  will  bo  such  that  a net  flow  of  the 
impurity  atoms  will  tend  to  oven  out  this  gradient.  In  a one  dimen- 
sional model  we  can  express  the  net  diffusion  current,  ns 


J „ . 

x 3x 

where  D is  the  diffusion  coefficient  and  N(x,t)  is  the  impurity 


16b) 


(2.18) 


concentration  at  point  x and  time  t. 

The  change  in  concentration  in  any  volume  is  equal  to  the  net 
flow  into  the  volume.  Thus,  the  continuity  expression  in  one  direc- 
tion can  be  written 

3N(x,t)  = 5Jx 
3t  3x 

or  using  equation  (2.18)  for 

3N(x,t)  = 32N(x,t) 

3t  3x2  • (2a 

Equations  (2.18)  and  (2.19)  are  known  as  Kick's  laws. 

Diffusion  in  solids  occurs  by  a number  of  possible  atomic 
33 

mechanisms  all  involving  a series  of  jumps,  made  by  the  diffusing 
atoms,  from  ono  lattice  site  to  another.  We  will  discuss  the  three 
most  common  mechanisms!  Exchange,  Vacancy,  and  Interstitial.  In  the 
first  possible  diffusion  process,  the  Exchange  mechanism,  two  or  more 
neighboring  atoms  interchange  their  situs.  This  process  roquiroa  high 
activation  energy  and  thus  is  unlikely  to  bo  significant  for  diffusion 
in  close  packed  crystals.  Another  process  is  called  Vacancy  mechanism 
This  involves  propagation  of  atoms  via  defects  or  vacant  lattice  sites 
which  oxist  in  all  crystals.  Hero  the  onergy  involved  is  not  high  but 
still  not  as  low  as  in  the  third  process,  the  Interstitial  mechanism. 
Diffusion  by  the  latter  process  involves  impurity  atoms  which  move 
through  the  crystal  by  Jumping  from  interstitial  sites  to  neighboring 
interstital  positions. 
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Pick's  first  law,  equation  (2.18),  relates  the  diffusion  current, 

J,  to  the  impurity  concentration  gradient  and  to  the  diffusion  coef- 
ficient D.  The  diffusion  rate  in  solids  depends  also  on  the  impurity 
and  crystal  thermal  energy,  as  well  as  on  material  parameters  such  as 
structure,  composition  and  imperfections.  The  temperature  dependence  of 
D is  generally  described  by 

D(T)  - Eq  exp(-Q/kBT)  (2.20) 

where  Q is  the  activation  energy  of  the  diffusion  and  Dq  Is  the 
diffusion  coefficient  extrapolated  to  infinite  temperature.  This  is 
an  Arrhenius  equation.  If  D is  determined  experimentally  for  various 
temperatures,  than  the  slope  of  a straight  lino  obtained  by  plotting  in  D 
Versus  1/T  is  equal  to  - 

The  uolution  for  Kick's  second  differential  equation  when  assuming 

a case  of  a semi-infinite  medium  and  diffusion  from  constant  source  is 
33 

given  by 

K(x,t)  - N (1  - erf  -*-)  (2.21) 

0 2P?t 

where  Nq  • N(0,t).  In  chapter IV  section  C we  use  our  experimental 
data  in  the  above  equation  to  obtain  a few  values  for  tho  diffusion 
coefficient  1).  D and  Q for  our  particular  system  can  then  be  calcu- 
lated using  equation  (2.20). 

2.  The  p-u  Junction  Diode 

If  donor  impurities  are  introduced  into  ooo  side  and  acceptors  into 
the  other  side  of  a single  crystal  of  a semicondector,  a p-n  junction  is 


I 


e. 

p 

y 


formed.  Such  a system  is  illustrated  in  figure  7(a)  where  two  modes 
of  the  impurity  concentration  profile  are  shown:  the  abrupt  junction 
and  the  linearly  graded  junction.  Due  to  the  density  gradient  across 
the  junction,  holes  diffuse  to  the  n side  across  the  junction  and 
electrons  to  the  p side.  The  region  near  the  junction  is  then  depleted 
of  mobile  charges  and  is  called  the  depletion  region  or  the  space- 
charge  region.  As  a result  of  the  displacement  of  the  free  charge  in 
the  depletion  region,  an  electric  field  appears  across  the  junction  to 
counterbalance  the  diffusion  current,  since  for  an  open  circuit  case 
the  net  flow  must  be  zero.  This  is  the  origin  of  the  potential  barrier 
or  the  built-in  voltage,  V^,  of  figure  7(c). 

When  treating  the  static  and  dynamic  characteristics  of  the 
abrupt  and  the  graded  junction  models,  the  following  results  are 
obtained i ^ the  depletion  width,  d,  depends  on  the  built-in  voltage, 
and  on  the  impurity  concentration  as  well  os  on  the  dielectric  constant 
of  the  semiconductor.  For  a two-sidad  abrupt  junction  wo  have 

d-^(ir+i>V1/2  (2-22j 

A D 

where  eg  is  the  material  permittivity,  o is  the  electron  charge,  and 

and  ND  are  the  acceptor  and  donor  impurity  concentrations  respectively. 
For  the  one-sided  abrupt  junction  equation  (2.22)  becomes 


2cs  \i.l/2 
e~ 


(2.23) 


whore  or  Hp. 


If  the  junction  is  linearly  graded  then 


d 


t 


^fAijl/3 


(2.24) 


where  a is  the  impunity  gradient.  The  capacitance  of  the  one-eided 
abrupt  junction  is 


C 


]1/2  pf/cm2 

[2<vbi  ± v 


(2.25) 


The  sign  depends  on  the  direction  of  the  applied  bias  voltage  VR. 
For  the  graded  junction  we  have 


eh  a 


1/3 


pf/cm15 


(2.26) 


**l/2 

Wo  see  chat  for  an  abrupt  junction  C is  proportional  to  VB  and  for 

"1/3 

graded  one  it  is  proportional  to  V0 

The  current  in  the  diode  can  be  shown  to  have  two  major  com- 


ponents.^ One  is  given  by  the  Shockley  equation  for  diffusion  current 
in  the  ideal  diode 


J » Ja[exp(oV/kBT)-l] 


whore  J is  called  saturation  current  and  is  equal  to 
e 


J 

6 


I I 2 / 1 

lelni  (n 
1 "A 


(2.27) 


(2.28) 


Here  D . . and  t , s are  the  carriers' diffusion  coefficient  and  lifetimo 
n(p)  n(p) 

reapoctively. 

The  second  current  component  is  due  to  thermal  generation  and 
recombination  of  electrons  and  holes.  For  reverse  bias  tho  dominant 
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process  is  electron  and  hole  emission,  or  generation.  For  the  forward 

bias  case  recombination,  or  capture  of  electron  and  hold  is  the  major 
53 

mechanism.  Sah  et  al.  have  shown  that  for  both  cases,  reverse  and 
forward  bias,  the  current  is 

J8  « n±  . (2.29) 

Looking  at  equations  (2.28)  and  (2.29)  we  note  that  when  the  diffusion 
current  is  the  dominant,  the  junction  current  is  proportional  to  the 
Second  power  of  the  intrinsic  carrier  concentration,  n^.  On  the  other 
hand,  the  generation  recombination  current  is  linearly  proportion  to  n^. 

The  results  arrived  in  this  section  will  be  used  ip  chapter  iv 
to  obtain  information  on  the  types  of  junction,  their  width  and  built-in 
potential,  and  on  the  current  mechanism  which  is  dominant  in  our  photo- 
diodes. 

D.  Photoconductivity  and  the  Photovoltaic  Effect 

When  photons  of  sufficient  energy  reach  a semiconductor  materia l 
they  i in  be  absorbed  thereby  generating  free  electrons  and  free  holes.31’ 
This  process  produces  free  charge  carriers  in  excess  of  those  existing 
in  thermal  equilibrium.  The  excess  carriers  can  either  produce  a poten- 
tial difference,  as  is  the  case  in  a photodiode,  or  they  can  dominate 
the  conduction  mechanism  of  the  material  as  in  photoconductivity.  These 
two  cases  will  be  discussed  in  this  section.  A device  which  is  sensitive 
to  radiation  is  called  a detector. 

Treating  only  band  to  band  (intrinsic)  direct  transition,  we 
have  a process  in  which  the  absorbed  photons  excite  electrons  from  the 
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valance  band  to  the  conduction  band,  with  no  change  In  the  electrode 
momentum.  The  conduction  band  has  nov  an  excess  of  free  electrons 
while  the  valance  band  has  an  excess  of  free  holes.  Both  types  of  the 
photo-genarated  carriers  can  diffuse  if  an  electric  field  is  preeent, 
until  they  eventually  recombine  and  return  to  the  original  stable  state. 

If  the  number  of  photons  incident  upon  a detector  is  Invariant 
with  wavelength  and  if  it  la  assumed  that  In  the  ideal  case  each  inci- 
dent photon  excites  one  electron-hole  pair  (quantum  efficient  equal  one), 
the  spectral  response  of  figure  8(a)  is  obtained.  The  wavelength  is 
called  the  threshold  and  corresponds  to  the  photon  whose  energy,  hv^, 
just  equals  the  energy  of  the  forbidden  gap.  It  is  experimentally  mora 
convenient,  however,  to  plot  the  response  which  is  normalized  to  constant 
energy.  Then  with  increasing  wavelength  the  number  of  incident  photons 
is  increased  linearly,  such  that  the  energy  flux  remains  constant.  Figure 
8(h)  shows  such  an  ideal  response  along  with  a response  of  a real  detector. 
The  deviation  of  the  latter  from  the  ideal  case  is  discussed  next.  Figure 
9 illuetratos  the  distribution  function,  the  density  bf  states  function, 
and  the  electron  and  hole  populations  for  an  intrinsic  semiconductor. 

Since  the  probability  of  generating  electron-hole  pair  depends  on  the 
available  states  for  the  excited  carriers  to  occupy,  it  can  be  aeon  that 
the  likelihood  of  euch  a transition  varies  with  tho  photon  incidont 
energy!  photons  with  frequencies  smaller  than  the  threshold  frequency, 
will  not  have  enough  energy  to  excite  electrons  across  tho  gap  and 
therefore  will  not  be  absorbed  by  this  process.  Whan  tho  photon  onergy 
is  increased  to  hv^,  transition  is  posoiblo  but  is  not  vory  probable. 


The  most  likely  transition  occurs  when  the  incident  photons  have  energy 
of  h\>2.  As  the  photon  energy  is  further  increased,  the  transition  proba- 
bility decreases  since  there  are  less  available  states.  The  reason  that 
the  spectral  response  curve  of  a non-ideal  detector  has  no  absolute 
cutoff  (threshold)  but  a rather  somewhat  gradual  decrease  in  the  photo- 
signal is  due  to  interactions  of  photons  with  lattice  vibrations  or 
with  impurity  states  which  may  be  present  in  the  forbidden  gap  but  very 
close  to  either  of  the  bands. 

He  want  to  establish  a criteria  by  which  a reasonable  value  of 
the  threshold  energy  can  be  determined  from  relative  response  measure- 
ments  even  if  there  is  no  absolute  cutoff.  MossJ  showed  that  when  the 
response  has  fallen  to  half  of  its  maximum  value  the  photon  energy  is 
equal  to  the  enorgy  gap  of  the  material.  The  response  of  the  sample  in 
the  region  of  the  threshold  is  written  as 

R(E)  - Rq  U+expOS^-E])]-1  (2.30) 

whoro  E is  the  onergy,  Eq  is  the  energy  gap  and  6 is  a constant.  . 
Assuming  that  the  response  is  dependent  upon  tho  distribution  of  states 
from  which  the  photocarriove  originate  and  that  there  are  N(B)dE  levels 
between  E and  K + dE,  then  for  a given  energy  E'  tho  response  will  be 
proportional  to  the  number  of  states  with  E < E1.  Hence, 

B' 

R(E)  « | N(E)dE  (2.31) 

0 

or  by  differentiating 

N(E)  - C (2.32) 
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where  C is  a constant.  We  use  equation  (2.30)  for  R(E)  in  the  above 
equation  and  get  , 


N(E)  - CB 


exp(fi[E  -E] 


[l+exp(B(Eo-E]))‘ 


The  density  of  electrons  which  were  raised  to  the  conduction  band  due 
to  thermal  energy  is  given  by 


n - | C'  exp  (-8/21^1)  dE 


wherj  E is  the  enorgy  measured  from  the  bottom  of  the  conduction  band. 
Substituting  equation  (2.33)  in  equation  (2.34)  we  get 


0 e*p[A  (8  + i^f>]  expt-^J.] 


l+oxp[84] 


wlievo  $ « E-E  . 

o 

Tills  integral  is  put  in  a standard  form  from  wliich  we  obtain 


oxp(-EQ/2kBT)  (2.35) 

V 


Comparing  this  with  equation  (2.13)  where  we  hsvo  n “ nQ  exp(-Eg/2k1jT) 
wo  got  Eg  « E.  Then  equation  (2.30)  with  E “ becomes 

R(E)  - [l+oxp(8(E-Eg])'1  - j (2.36 

wliich  we  wanted  to  show.  A different  approach^  will  lead  us  to  the 
same  result!  We  rewrite  equation  (2.30)  as 


(2.37) 


X(X)  - [l+ejtp(a[Eo-li  f-])]-1 


New,  as  explained  earlier,  the  response  depends  on  the  function  N(E) 
which  is  zero  in  the  gap  for  the  ideal  case  where  there  are  no  states 
at  all  in  the  forbidden  band.  In  reality  we  expect  N(E)  to  be  a con- 
tinuous function  in  E,  but  its  value  will  change  most  rapidly  at  the 
point  whore  E « E^.  Therefore  dH(E)/dE  is  maximum  at  this  point  and 
the  second  dcrivitive  is  equal  to  zero.  Now,  we  define  the  absorption 
edge  to  be  tho  point  corresponding  to  maximum.  That  is,  when  plotting 
the  response  as  a function  of  the  incident  wavelength  we  call  the  point 
where  the  response  changes  most  rapidly  with  X the  absorption  edge  and 
thu  photon  energy  associated  with  it  is  hc/X  . At  this  point  we  have 

O 


Aw 

do,  f>2 


0 


which  gives  exp(a(E  -h  ~1)  “ 1. 

° 8 

Thus 


R(X) 


1 

2 


Again  we  see  Che  association  between  the  energy  gap  and  the  50  percent 
cutoff  of  tho  spoctral  response. 

Photoconductivity  can  bo  observed  and  measured  when  tho  plioto- 
gonorotod  carriers  change  appreciably  the  material  resistivity.^  The 


optical  uensitivity  of  a semiconductor  depends  on  the  ratio  of  the  number 
of  excess  carrinre  to  the  number  of  free  carriers  at  dark,  as  well  as  on 
its  mobility,  recombination  lifetime,  and  the  device  noise.  Tho  moot 


common  detector  noises  are  Thermal,  Generation-recombination,  and 
Current  noise.  Thermal  (or  Johnson)  noise  is  due  to  the  random 
motion  of  the  charge  carriers.  Generation-recombination  noise  is  due 
to  statistical  fluctuation  in  the  number  of  charge  carriers  in  the 
semiconductor.  The  current  (or  1/f)  noise,  however,  does  not  depend 
on  the  free  carriers  at  all  but  rather  on  other  sources  such  as  poor 
contacts  and  surface  or  inhomogeneities  of  the  material. 

The  photovoltaic  effect,  in  which  a potential  difference  is 
produced,  across  a Junction  due  to  the  photo-excited  carriers,  is  dis- 
cussed next.  Tho  absorption  mechanism  is  the  same  as  described  above, 
but  the  free  charge  carriers  which  are  generated  within  or  near  the 
depletion  region  have  a good  probability  to  bo  swept  by  the  junction 
electric  field  before  they  recombine.  The  built-in  field  across  the 
Junction  (as  explained  in  section  C(2)  of  this  chapter)  is  directed 
such  that  an  excess  of  electrons  in  the  p side  and  an  excess  of  holes 
in  the  n side  will  flow  toward  and  across  the  junction.  This  diffused 
reverse  current  is  called  minority  current.  Tho  total  current  of  a 
photqdiodo  is  tho  sum  of  tho  (short  circuit)  photocurrent,  1 , and  the 

“ T P 

ideal  diodo  current  as  obtained  from  Shockley  equation  (2.27)  under 
applied  vollago  V. 


1 » I - Ie[exp(oV/kBT)  - 1)  . (2.38) 

Tho  open  circuit  photovoltugo  V , is  obtained  by  sotting  I « 0 in 
the  above  equation.  Then 

k..T  1 

Voc  o ln  + l)  ' (2l39) 
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CHAPTER  III 


EXPERIMENTAL  PROCEDURES 

A.  Crystal  Growth  and  Sample  Preparation 

One  of  the  objectives  of  this  study  was  to  improve  crystal 
growth  techniques  by  vapor  transport  in  a closed  tube,  and  to  deter- 
mine the  factors  influencing  the  quality  of  the  resulting  crystals. 

As  discussed  earlier,  the  material  physical  properties  depend  on 
preparation  methods.  Many  methods  of  crystal  growth  for  this  material 
have  been  investigated.  Czochralskis , 11  closed  tube  vapor  growth  and 
Bridgman10  techniques  were  among  the  early  successful  studies  reported 
less  than  a decade  ago.  A few  years  ago,  however,  larger  and  better 

quality  crystals  were  grown  by  the  solid  state  recrystalization 

37  38 

method,  as  well  as  by  the  closed  tube  vapor  transport  method  with 

37 

and  without  seed.  We  have  adopted  the  latter  method  using  a seed. 

In  the.  following  sections  the  detailed  procedure  for  crystal 
growth,  its  x-ray  evaluation,  and  sample  preparation  are  described. 
Back  reflection  x-ray  powder  photographs,  as  well  as  x-ray  topographs 
were  used  to  characterize  crystal  composition  and  structural  quality. 
In  the  last  section  the  preparation  procedure  of  the  samples  which  we 
measured  is  discussed  in  detail.  Both,  homogenously  diffused  samples 
for  Hall  and  photoconduction  measurements , and  p-n  junction  diffused 
diodes  wore  uaed  in  our  experiments  ond  therefore  their  preparation  is 
described. 


1,  Growth  of  Single  Crystal  Lead-Tin  Telluride 
lire  closed  tube  vapor  transport  technique  has  proven  to  yield 
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high  quality  single  crystals.  This  process  involves  vaporaziation  of  a 
solid  source  of  lead-tin  telluride  and  the  transport  of  the  gas  molecules 
to  the  other  end  of  the  growth  ampoule  where  they  condense  on  an  oriented 
seed.  The  sublimation  process  takes  place  in  an  evacuated  closed  quartz 
tube  placed  in  an  almost  isothermal  zone  of  the  growth  furnace  at  tem- 
perature well  below  the  melting  point.  The  source  material  is  homogenous 
polycrystalline  Pb^Sn^Te  and  the  seed  is  a wafer  of  a single  crystal. 
Hie  growth  technique  will  be  describad  in  detail  later  following  a dis- 
cussion of  the  sublimation  mechanism  of  the  (Pb,Sn)Te  system. 

40-44 

Several  studies  investigated  che  vaporization  nature  of 
this  material  looking  at  the  solid  or  at  the  vapor  phase.  It  was  con- 
cluded that  the  system  vaporized  mostly  as  molecules  of  PbTo  and  SnTe 

39 

with  very  similar  vapor  pressure  and  effusion  rate.  Wincholl  and 
42 

Sokolov  investigated  the  vapor  species  of  vaporized  iPb,Sn)Te  using 
maos  spectrometric  methods.  Both  observed  approximately  equal  amounts 
of  SnTe  and  PbTe  molecules  but  the  latter  investigator  identified  also  a 
one-percent  presence  of  Te^  and  SnTOj  molecules.  Northrop1'1^’^  investi- 
gated the  thormogravimottical  natura  of  the  vaporization  of  PbTa,  SnTe 
and  Pbj_xSnxTe  oach  at  625°i  7004  and  825'C.  Ho  ueod  an  automatic  re- 
cording balance  and  was  able  to  determine  continuously  tho  weight  os  a 
function  of  time  and  temperature.  Material  composition  was  determined 

using  x-ray  and  polatographic  analyses.  From  his  data  he  calculated  tho 

2 

specific  effusion  rates  which  are  given  below  in  units  of  g/ctn  sec. 
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PbTe 


Pb 

Pb 

Pb 


0.90 

0.72 

0.50 


Sn0.09Te 


Sn0.28Te 


Sn0.50Te 


SnXe 


5.89  x 10 
5.36  x 10-4 
5.97  x 10~4 
6.01  x 10-4 
6.81  x 10"4 


In  addition  he  calculated  the  apparent  total  vapor  pressure 
which  is  presented  in  figure  10.  These  results  show  a striking 
similarity  in  the  sublimation  nature  of  the  leaa-tin  telluride  com- 
ponents. This  feature  helps  to  explain  the  good  results  of  crystal 
growth  obtained  by  the  closed  tube  vapor  transport  method.  Similar 
results  were  reported  earlier  by  Bates  and  Weinstein^  who  investigated 
the  sublimation  rates  of  pressed  and  sintered  PbTe  and  Pb^  ..Sn^  ^Te 
commercial  thermoelements.  Their  material,  which  contained  6%  MnTe 
sublimes  in  a manner  similar  to  the  pure  and  well  reacted  source 
material.  Northrop,  however,  observed  that  the  vaporisation  of 
(Pb,Sn)Te  is  noncongvuent , Due  to  preferential  loss  of  SnTo,  there  is  a 
continuous  decrease  of  the  SnTe/PbTc  ratio.  For  examplo,  one  effusion 
run  starts  with  28%  SnTo  and  when  2/3  of  the  .source  was  effused,  the 

9 

residue  contained  only  18%  SnTe,  It  is  also  suggested  Chat  although 
PbTe  vaporizes  congrucntly,  SoTc  vaporizes  noncongruently . A two-phase 
Sn-SnTu  assemblage  is  first  produced  duo  to  a loss  of  excess  To,  and  a 
email  amount  of  pure  Sn  is  formed  as  a final  phase.  It  is  important  to 
remember,  however,  that  all  the  above  effusion  studies  deal  only  with 
one  half  of  the  process  used  for  crystal  growth  i.o.  the  evaporation  of 
the  source,  lire  condensation  mechanism  is  not  known  to  have  been 
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investigated,  and  therefore  will  not  he  discussed  here.  Next  we  describe 
our  procedure  for  growing  (Pb,Sn)Te  single  crystals. 

Material  Preparation.  High  purity  polycrystalline  Pb^  ^Sn^Te, 
with  0 < x < .45,  was  prepared  as  source  material  for  the  growth  of 
single  crystals.  All  three  elements,  99.99994  purity  materials,  were 
obtained  from  Cominco  American  (Spokane,  Washington).  Te,  which  was 
received  in  bar  form,  is  doubly  zone  refined.  Pb  and  Sn  were  obtained 
in  both  shot  and  bar  forms.  Mass  spectrographic  analysis  on  these  ele- 
ments as  they  are  received  is  given  in  Table  1. 

The  desired  quantities  of  lead,  tin  and  tellurium  were  weighed 
to  an  accuracy  of  0.1  mg,  and  then  placed  in  a previously  cleaned 
13  x 15  mm  quartz  reaction  tube.  Quartz  tubing  with  1 mm  wall  thickness 
used  in  this  study  was  obtained  from  Amersil  Quartz  Division  (Hillside, 
New  Jersey).  Prior  to  use,  the  quartz  was  cleaned  by  immersing  it  in 
concentrated  electronic  grade,  Hl'HiNO^  (1:3  by  volume),  followed  by 
rinsing  with  deionized  water  and  electronic  grade  methanol. 

The  reaction  ampoule  was  then  evacuated  to  a pressure  of  loss 
than  1 x 10  "’mra  ilg  with  an  oil  diffusion  pump,  then  backfilled  with 
purified  hydrogen  gas  to  a pressure  of  about  one  half  atmosphoro  and 
sealed, 

lho  chemical  reaction  took  place  at  a temperature  of  1000°-1050<’C 
for  about  five  hours.  During  the  reaction,  the  oven  was  vocked  to  ensure 
proper  mixing  of  the  three  elements.  The  capsule  containing  the  molten 
(Pb,Sn)Tc  wuu  then  water  quenched  to  reduce  segregation  of  PbTc  and  Snl'e 
on  cooling.  It  was  observed  that  better  results  are  achieved  when  the 
starting  material  is  slightly  (1Z)  metal  rich. 
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Crystal  Growth  Apparatus.  Single  crystals  with. 15  mm  diameter 


and  30  mm  length  were  grown  by  the  closed  tube  vapor  transport  technique. 
Using  the  polycrystalline  charge  as  source  material,  the  evacuated  growth 
ampoule  was  placed  in  a temperature  gradient  furnace  and  deposition  took 
place  on  an  oriented  single  crystal  seed  at  the  lower  temperature  end  of 
the  tube. 

Most  crystals  were  grown  in  home  made  furnaces,  although  some 
were  grown  In  a commercial  (B.T.U.  Engineering  Co.,  Waltham,  Mass.) 
three  zone  horizontal  oven.  This  39"  long  by  2 1/2"  bore  furnace, 
equipped  with  a power  supply  and  temperature  controller,  was  found  to 
be  suitable  Cot  crystal  growing  and  other  high  temperature  processes. 
However,  home  made  ovens  did  not  produce  inferior  results  and  a descrip- 
tion of  their  construction  is  given  below.  The  core  was  an  Alundum 
furnace  core  (RA  4098,  85. 5X  AljOy  Norton  Co.,  Worcester,  Mess.)  will, 
a 1 1/2"  bore  end  6 to  9 windings  per  inch.  Kanthal  (Stamford,  Conn.) 

A-l  gauge  lb  wire  was  used  aa  a resistance  heater.  The  wound  core  was 
covered  with  Suuereisen  (I’ittshurgh,  ho.)  sealing  cement,  and  then 
wrapped  with  asbestos  sheets,  followed  by  an  aluminum  sheet:.  The 
furnaces  were  built  with  throe  temperature  zones  which  can  he  adjusted , 
by  using  external  variable  resistance,  to  obtain  the  desired  temperature 
prof  11.  . rignie  ilia!  shows  the  ■ r | dinernm  of  such  an  oven.  the 
lurnacuu  were  connected  either  to  a voltage  regulator  >u  . ■ i ■ • 

tutu  controller.  In  the  first  case,  temperature  stability  within  5”C 
wan  a.liiuvud  while  in  the  latter  case  the  temperature  did  not  vmv  mot, 
than  one  degree  from  the  selling  point.  Ceramic  fire-brick  plugs  were 
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used  to  close  the  oven  ends  and  stainless  steel  liner  helped  to  center 
the  capsules  Inside  the  oven.  Crystals  were  grown  In  both  vertical  and 
horizontal  furnaces,  but  no  conclusion  could  be  drawn  in  regard  to 
preferable  oven  orientation. 

The  growth  capsule  is  constructed  from  17  x 19  mm  and  15  x 17  mm 
quartz  tubing.  A schematic  diagram  of  the  chamber  is  given  in  figure  12. 
An  eight  mm  diameter  quartz  rod  served  as  a heat  sink.  It  is  cut  and 
fire  polished  at  both  ends,  The  seed  rests  bn  one  end  of  the  rod.  It 
is  important  to  make  sure  that  the  adjacent  surfaces  are  flat  and  are 
in  full  contact.  Otherwise,  the  heat  flow  through  the  quartz  cane  may 
be  poor  and  the  seed  itself  may  "transport"  into  a different  shape.  The 
seed  is  cut  from  a good  crystal  with  the  same  or  lower  SnTe  composition. 
Higher  content  material  has  lower  melting  temperature  and  therefore  is  not 
recommended  to  be  used  for  seed.  A Model  716  string  saw  (South  Bay  Tech- 
nology Group,  Sherman  Oaks,  California)  with  0.005"  wire  string  is  used 
to  cut  the  seed.  The  slurry  consists  of  600  mesh  SiO,  glycerine  and 
water  in  a ratio  of  7 gm:10  mi:2  mi.  The  seed  is  cut  in  the  (111) 
orientation  and  is  lapped  with  a slurry  of  600  mesh  SIC  and  soapy  water 
to  remove  saw  marks  and  reduce  seed  thickness  to  about  1 mm.  Just  before 
being  used,  the  seed  is  etched  for  5-7  minutes  with  HBr:  3X  Br^  to  re- 
move about  0.2  mm  of  the  surface  which  is  damaged  due  to  lapping.  Addi- 
tional thermal  etch  is  believed  to  occur  when  the  loaded  growth  ampoule 
is  placed  in  the  hot  furnace.  It  should  be  mentioned  that  seeds  which 
were  cleaved  from  Bolf2  wove  also  used  successfully. 


-116- 


After  the  oven  is  preheated  to  the  desired  temperature,  the  growth 
ampoule  is  placed  in  it.  At  the  end  of  the  growth  period,  the  oven  tem- 
perature id  lowered  to  room  temperature  over  8-15  hours,  to  prevent  a 
thermal  shock.  . 

Growth  Runs.  More  than  forty  crystals  of  Pb^  ^Sn  Ta  have  been 
grown  in  SnTe  content  ranging  from  zero  to  45%.  The  following  conclusions 
based  upon  the  results  of  these  runs  could  be  drawn; 

Source  Preparation:  Figure  13  shows  three  ways  of  source  preparations. 

Vfe  were  unable  to  conclude  that  one  method  is  preferred  over  the  others. 

It  was  found,  however,  that  breaking  of  the  charge  houle  into  several 
pieces  before  insertion  into  transport  tube  results  in  a faster  crystal 
growth  rate  and  better  crystal  quality.  It  is  believed  that  the  surface 
of  the  charge  is  inhomogeneous  and  therefore  it  is  important  to  expose  the 
inside  surface.  Some  charges  were  transported  completely.  In  such  a case, 
the  lnst-to-grow  end  of  the  crystal  did  not  have  any  facets  and  its  compo- 
sition was  not  atoiciometric.  Although  most  of  the  boule  was  good  quality 
single  crystal,  the  end  section  could  not  be  used. 

Inner  Growth  Tube:  Good  quality  quartt  tubing  was  used  for  tho  inner 

chamber  of  the  growth  ampoule.  Rough  inside  surface,  in  tho  section  next 
to  the  seed,  is  a source  of  defects  which  propag.ite  and  give  poor  crystals. 
Tho  exact  shape  of  the  section  near  the  seed  was  not  found  to  be  signifi- 
cant, provided  that  its  diameter  increases  gradually  starting  from  the 
eood.  The  size  of  the  hole  in  the  inner  tube  determines  the  area  of  the 
seed  on  which  deposition  occurs.  larger  holes  would  provide  better  heat 
flow.  Holes  with  up  to  8 nun  in  diameter  have  been  tried,  but  4 to  6 mm 
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diameter  was  found  to  give  better  and  more  consistent  results. 

Seed:  High  quality  seeds  are  essential  for  growing  good  crystals.  In 

some  cases  defects  in  the  seed  were  observed  to  propagate  through  the 
crystal  even  as  far  as  the  last-to-grow  end.  A few  seeds  were  cut  in 
the  (100)  orientation,  but  better  crystals  were  obtained  when  grown  in 
the  (111)  direction.  The  seed  was  never  thinner  than  0.8  mm  when  ready 
to  be  used,  for  the  following  reason:  It  is  believed  that  initially  the 

seed  temperature  is  higher  than  that  of  the  charge  since  its  thermal 
inertia  is  much  smaller.  Therefore,  soma  thermal  etch  of  the  seed  takes 
place  until  thermal  equilibrium  prevails.  If  the  seed  is  too  thin,  it 
would  vaporize. 

Growth  Temperature:  Good  crystals  were  obtained  when  grown  in  any 

temperature  between  830  to  SSS'C.  The  charge  temperature  did  not  approach 
too  closely  the  melting  point.  As  can  be  seen  from  the  phase  diagram  in 
figure  1,  the  lower  the  content  of  SnTe  in  the  charge  the  higher  is  the 
allowed  growth  temperature.  The  temperature  difference  between  the  charge 
and  the  seed,  AT,  could  have  a significant  effect  on  the  vapor  transport 
process.  A large  temperature  difference  would  produce  a very  fast  growth 
rate  which  would  cause  an  increase  in  crystalline  imperfections,  while 
for  AT  too  small  the  growth  time  would  be  excessively  long.  It  was  ob- 
served that  u temperature  difference  of  2 to  6°C  between  the  charge  and 
the  seed  would  give  good  results.  The  temperature  stability  la  not  be- 
lieved to  be  very  critical  as  long  ns  It  does  not  reach  values  outside 
the  range  mentioned  in  the  beginning  ot  this  section.  In  our  runs, 
however,  most  crystals  were  grown  at  a constant  temperature.  In  one  case, 
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the  oven  was  connected  directly  to  the  power  line  and  the  temperature 
varied  within  15 °C  during  the  run.  The  result  was  still  acceptable. 

2,  X-ray  Evaluation 

The  as-grown  crystal  boules  were  examined  in  three  ways,  in 
addition  to  electrical  and  optical  characterization.  Basic  information 

is  obtained  from  the  appearance  of  the  boule.  A good  crystal  has  three 
2 

to  five  large  (20-50  am  ) facets  and  since  the  material  has  a rock  salt 
structure  and  a known  growth  direction  one  knows  by  visual  inspection 
whether  or  not  it  is  single.  X-ray  Laue  photographs  were  taken  to 
verify  the  above  observation  (see  figures  14  and  15) . An  additional 
criterion  for  judging  crystal  quality  is  the  appearance  of  their  aur- 
faco.  Good  crystals  always  have  a very  shiny  appearance. 

Determination  of  Alloy  Composition:  The  percentage  of  SnTe  in  the 

E'b ^ ^Sn^Te  single  crystals  was  determined  by  measurements  of  the 
lattice  constant^.  These  measurements  were  made  by  the  back  reflection 
focusing  method^1"*  using  X-ray  powder  photographs.  The  lattice  constant 
of  (Pb,Sn)Tc  is  found  to  vary  linearly  with  composition  ranging  from 
6.327A,  the  lattice  constant  of  SnTe,  to  6.460X,  the  lattice  constant  of 

Q 

PbTo  . An  error  analysis  established  that  the  precision  of  this  tech- 
nique is  0.2X, 

Our  radiation  source  was  a General  Electric  X-ray  Diffraction 
unit  with  a copper  target.  The  back  reflection  camera  was  equipped  with 
a nickel  filter  which  removes  the  radiation  while  it  transmitted  the 
K doublet.  The  X-ray  radiation  used  then,  consists  of  K (X  = 1.54050A) 

Q 


-119- 


and  K (X  = 1.54434&).  Both  lines  were  used  in  calculations  and  the 
°2 

results  were  averaged. 

The  lattice  constant,  aQ>  is  linearly  proportional  to  the  spacing 
of  any  adjacent  (hki)  planes  and  is  given  by 

ao  “ Wh2  + k'  + i2)1/2  • <»•« 

Now'when  Bragg's  law  is  satisfied  for  a given  X we  can  write 

ao  " riirT?  <*»*  + + 

where  0 in  the  Bragg's  angle  which  can  be  determined  experimentally. 
Differentiating  the  above  equation  in  respect  to  0 we  get  the  frac- 
tional error  as 

4a 

— - •»  - 46  cot  O . (3.3) 

ao 

An  analysis  of  the  experimental  source  of  error  yields^'5  an  extrapo- 
lation function 


— - » $ tan  $ (3.4) 

ao 

where  $ io  (90-6).  It  is  clear  that  the  error  approaches  zero  an 

approaches  lero.  The  extrapolation  was  done  on  a digital  computer 

9 

using  a least-squares  technique.  Bis  and  Dixon  have  shown  that  whan 
deviations  from  etiochiometry  are  taken  Into  account  the  lattice 
constant  of  rb1_xSnxT6  ls  8lven  by 
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ao(A)  - 6.460  - 0.133  x - 1.7  x 10~23p  (3.5) 

where  p is  the  carrier  density  measured  ar  77K,  Our  material  did  not 
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exceed  a carrier  concentration  of  .5  x 10  cm  and  thus  the  simple 
linear  relationship  of  Vegard's  law  was  used  in  calculating  the  com- 
position. 

Many  crystals  were  examined  by  this  method  apd  it  was  always 
observed  that  the  percentage  of  SnTe  was  less  by  0.5  to  IX  than  what 
was  originally  weighed.  In  addition,  there  are  indications  that  the 
part  of  the  source  which  did  not  transport  contained  a few  tenths  of 
a percent  less  SnTe  than  the  part  of  the  crystal  that  was  transported. 

These  results  are  in  agreement  with  those  obtained  by  the  effusion 
44 

experiments  but  to  a much  lesser  degree. 

Two  crystals  were  examined  to  determine  composition  variation 
along  the  growth  and  radial  directions.  The  results  are  presented  in 
figure  16.  It  is  interesting  to  note  that  in  the  run  were  the  whole 
source  material  transported,  the  crystal  content:  of  SnTe  decreased 
continuously  along  the  direction  of  growth  with  deviation  of  about  3X 
between  the  first  and  the  last-to-grow  ends,  in  the  run  whore  the  source 
was  only  partially  transported,  which  i.a  usually  the  case,  such  a ten- 
dency is  not  observed  and  the  crystal  is  much  more  homogeneous . Similar 
results  have  been  reported  by  Johnson  and  Parker who  used  electron 
microprobe  analysis  techniques  to  determine  the  Sn  content  in  their 
crystals. 

Crystal  and  Surface  Defects;  X-ray  topography  is  a very  powerful 
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technique  for  revealing  structural  imperfections  in  single  crystals 

and  was  used  in  this  study  to  evaluate  crystal  growth  and  handling 
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methods.  Figure  17  shows  the  arrangement  of  our  Berg-Barrett  ’ 
back  reflection  X-ray  topograph  camera  used  in  this  evaluation.  The 
crystal  is  set  to  reflect  the  characteristic  radiation  from  the  line 
focus,  satisfying  the  Bragg  condition.  By  placing  the  film  close  to 
the  sample,  geometric  resolution  of  approximately  one  micron  can  be 
obtained. 

Using  this  technique,  it  was  observed  that  some  crystals, 
although  they  looked  good  by  visual  inspection,  had  low  angle  grain 
boundaries  as  shown  in  figure  18.  Efforts  were  made  to  understand 
and  to  eliminate  the  cause  for  these  lower  quality  crystals.  It  is 
found  that  these  groins  are  either  inherited  from  poor  seeds  or  are 
caused  by  thermal  shock  during  the  quenching  of  the  crystal  from 
growth  to  room  temperature.  Thus,  good  seeds  and  a slow  cooling  rate 
assure  crystals  free  of  low  angle  grains. 

The  topographs  also  reveal  that  as-grown  crystals  usually  have 
some  scratches  and  holes  on  their  surface  which  can  bo  eliminated  by 
chemical  etching,  (See  figure  19). 

It  was  interesting  to  determine  the  depth  and  oxtenc  of  damage 
in  the  wafer  after  cutting  and  lapping.  Figure  20  shows  a set  of 
topograph  pictures  which  were  taken  immediately  after  lapping  and  then 
following  successive  chemical  etches  to  remove  layers  of  damaged  sur- 
face. It  is  seen  that  the  marks  extend  about  90  Pm  deep. 


J,  Diffusion  Technique  arid  Diodg  ? fibril  at  jjon. 


Isothermal  wneMirv  and  iroourifv  diffusion  were  carried  out 
on  the  as-^town  lead-tin  telluride  in  order  to  reduce  carrier  conceu 
tration,  when  desired,  or  to  form  p-n  junctions  1 As  discussed  earlier, 

due  to  wal  deficiency,  the  as-grown  crystals  are  always  p**type  with 

19 

a carrier  density  of  about  10  per  cc.  By  diffusing  back  enough  metal 

atoms  we  can  fill  the  vacancies  and  control  the  carrier  density  of  the 
21 

material.  When  the  metal  source  is  just  metal  rich  lead-tin  telluride, 
the  process  la  called  annealing  or  self  diffusion.  Other  metals  which 
believe  donors  in  lead-tin  telluride  could  he  used  as  diffusion  souici:*. 
inatead  of  the  metal  rich  (Pb,Sn)Te. 

In  this  etudy  we  have  concentrated  on  rcatal  diffusion  using 
either  cadmium,  antimony  or  a mixture  of  cadmium  and  indium  as  source 
,um»  ri.-.i . ■ifjp  diffusion  process  was  cuirled  out  as  /olio**,  lit? 
ctystal  was  cut  to  about  1 nun  thick  slices  along  Che  growth  direction 
in  a manner  similar  to  that  described  in  the  section  on  seed  prepa- 
ration (section  A).  The  wafers  veto  then  cut-  into  ?-'!  mm  wide  strips 
and  nfior  removing  about  100  tun  of  surface  material  by  etching,  they 
weti*  r 1 ..  -.i  ...  'he  »iM  itwinn  nnmon***>*  along  with  the  desllftd  source 
miMal  *-'x^v:hu  source  material  wnn  always  used  «o  that  the  amount  and 
depth  of  the  diffusion  would  bo  ••onr  rolled  only  by  the,  temperature  and 
the  dm  at  ion  of  rhe  diffusion  process.  The  notircct  wnn  kept  physical iy 
separated  from  the  pample  so  that  only  metal  atoms  in  the  vapor  phar-o 
v»ulu  uc  hi  . •tit act  with  the  sample  surface,  figure  i)  shows  the  con 
figurations  of  two  diffusion  capsules  which  were  used  most  frequently, 

U i 


Before  loading  the  quartz  ampoules  they  vere  cleaned  by  etching  in  the 
manner  described  in  the  crystal  growth  ampoule  section.  The  loaded 
ampoule  was  then  connected  to  an  oil  diffusion  pump  which  was  later 
cold  trapped.  It  was  sealed  off  when  the  pressure  was  reduced  to 
about  1 x 10  mm  Hg. 

The  diffusion  furnaces,  all  home  made,  are  similar  to  those 
used  for  crystal  growth  and  were  described  in  section  A of  this  chapter. 
The  diffusion  ampoule  wae  placed  in  the  uniform  temperature  zone  of  the 
preheated  oven.  Diffusions  took  placa  at  a temperature  range  of  350- 
800“C  and  the  duratiou  varied  from  20  minutes  to  20  hourB  depending  on 
the  particular  case.  At  the  and  of  the  diffusion  period  the  capsule 
was  removed  from  the  oven  by  holding  it  with  a wet  asbeBtos,  This  was 
done  so  that  the  metal  vapor  would  condense  on  the  quartz  wall  rather 
than  on  the  sample.  Nevertheless,  some  surface  alloying  was  not  un- 
common and  was  removed  by  etching  with  llNOj.  Diffusion  depth  was 
determined  using  sequential  etch  and  thermoelectric  microprobe  tech- 
nique. (The  surface  of  the  diffused  sample  is  n-type  and  by  etching 
away  this  layer,  the  p-type  material  is  exposed.  The  thermoelectric 
microprobe  technique  enabled  us  to  determine  the  type  of  the  surface 
after  each  etch  so  we  can  measure  the  depth  of  the  u-layer.) 

Samples  which  wore  prepared  for  Hall  and  resistivity  measure- 
ments or  for  photoconduction  measurements  wore  diffused  long  enough  to 
ensure  uniformity  of  impurity  distribution  in  the  host  semiconductor. 

In  each  run  an  extra  slice  of  (Pb,Sn)Te  was  diffused  ami  used  for  veri- 
fying that  a complete  n-typo  conversion  had  occurred. 
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Photodiodes  were  fabricated  in  the  following  way:  The  desired 

(Pb,Sn)Te  sample  was  prepared  for  diffusion  as  described  above.  Cadmium 
was  diffused  at  400-450°C  while  antimony  at  7004C.  Junction  depths  were 
10-20  pm  but  back  etching  was  used  for  two  purposes,  removing  the  alloy- 
ing layer  and  making  the  junction  shallower  than  5 pm.  The  geometry  of 
the  dir^de  is  shown  in  figure  22.  The  top  part  of  the  device  is  called 
mesa  and  ia  the  sensitive  part  of  it.  A faw  drops  of  glycol  phthalate 
(wax)  were  placed  on  the  diffused  samples  to  confine  the  mesa  areas. 
Additional  back  etching  was  u8ed  to  remove  the  n-layAr  completely  except 
under  the  wax  spots.  The  etch  doeB  not  attack  this  type  of  wax.  When 
etching  was  completed,  the  wax  was  removed  with  acetone.  The  samples 
were  then  cut  into  sections  so  that  each  contained  a mesa.  UBlng  a 
lead-tin  eutectic  and  Dlvco  type  K flux,  each  Sample  was  mounted  on  a 
transistor  base  (T0-5  header  was  selected)  aa  shown  in  figure  22.  Con- 
tacts to  the  n-type  surface  were  then  mads  by  soldering  with  indium  and 

the  earns  flux.  Both  electrical  contacts  were  shown  to  be  ohmic  and  of 

2 

low  resistance.  A typical  mesa  area  was  0.4  mm  . Two  typical  I-V 
curves  are  shown  in  figure  23. 

B.  Electrical  Measurements 

The  electrical  measurements  made  during  this  study  consisted 
of  temperature  dependence  of  resistivity  and  Hall  coefficient  of 
homogenous  diffused  samples,  as  well  as  resistance  and  capacitance  jf 
diodes. 

1.  Hall  and  Resistivity 

Hall  moosurementa  of  low  impedance  samples  were  performed  with 
standord  potentlometric  methods  or  with  digital  nanovoltmator.  We  used 
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Leeds  and  Northrup  Type  K-3  7553  universal  potentiometer  with  their  9834 
electronic  null  detector.  The  digital  nancrvoltmeter  was  Keithley  180. 

A Keithley  610B  high  input  Impedance  electrometer  was  used  to  measure 
samples  with  impedance  greater  than  10'>  ohms.  This  setup  provides 
better  than  one  microvolt  precision  for  the  low  impedance  measurements 
and  3%  precision  when  using  the  electrometer.  The  magnetic  field  was 
produced  by  Varian  V 4004  4"  electromagnet  and  measured  with  a Rawaon 
820  rotating  coil  fluxmeter. 

52 

Hall  samples  had  the  form  of  rectangular  prism  with  a typical 
dimensions  of  1.0  x 0.2  x 0.05  cm.  The  samples  were  cut  and  lapped  to 
the  approximate  desired  size  and  shape  and  then  etched  to  remove  sur- 
face damage.  Additional  etching  took  place  after  the  diffusion  process 
was  completed  in  order  to  remove  any  alloying  on  the  sample  surface.  At 
this  point  electrical  contacts  were  made. 

Three  procedures  ware  usod  for  contacting  to  the  lead-tin 
tellurido  samples.  Indium  or  lead-tin  eutectic  with  Dlvco  type  K 
soldering  flux  were  found  to  give  good  ohmic  contacts  as  long  as  low 
current  was  used  and  the  sample  did  not  undergo  much  thermal  cycling. 
More  elaborate  contacting  procedure  was  used  when  measurement  required 
thermal  cycling  which  iucludod  liquid  helium  temperaturo.  A thermocom- 
pression welding  technique  produced  excellent  contacts.  After  etching 
the  sample,  gold  wires,  usually  0.002"  in  diameter,  were  welded  to  it 
using  a Hughes  MCW/UB  micro  pulBe  thermocompression  ball  bonder.  These 

contacts  hod  good  electrical  and  mechanical  properties  while  requiring 

3 

only  local  heating  of  the  sample.  X-ray  examination  revealed  very 
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little  mechanical  damage  near  the  properly  made  contact; 

After  contacting,  the  aample  was  cemented  to  a sapphire  plate 
soldered  to  the  sample  mount  of  a Hofman  cryostat.  General  Electric 
No.  7031  varnish  was.  used  as  the  bonding  agent  due  to  its  good  thermal 
conductivity  and  electrical  isolation.  The  cryostat  arrangement  is 
shown  in  figure  24. 

The  temperature  dependent  measurements  of  electrical  and  optical 
properties  were  carried  between  4K  and  J80K.  To  cover  the  large  tem- 
perature range  of  our  measurements,  several  coolants  were  required. 

The  coolants  used  were: 


Liquid  helium 

4K  - 80K 

Liquid  nitrogen 

7 OK  - 180K 

A mixture  of  solid  and  liquid  Freonll 

160K  - 250K 

A mixture  of  solid  and  liquid  Freon  113 

240K  - 320K 

Ice  mixed  with  vater 

274K  - 370K 

Hot  water 

350K  - 380K 

Any  temperature  within  the  range  of  a given  coolant  could  be 

obtained  by  adjusting  the  power  input  to  a heater  on  tho  sample 
mount.  A calibrated  Allen  Bradley  0.1  watt  resistor  was  used  to 
monitor  temperature  below  60K  and  a Hicrodot  Incorporated  platinum 
resistance  thermometer  was  used  for  temperatures  above  60K.  Both 
sensors  were  calibrated  against  a Cryocal  germanium  resistance 
thermometer  (CR100  - 1.5-100)  for  temperature  betweon  2K  and  100K. 
The  platinum  thermometer  was  also  calibrated  against  u copper- 


constantan  thermocouple  for  temperatures  greater  than  77K, 


2,  Capacitance  and  Resistance  of  the  Diodes 

Although  the  major  effort  of  this  part  of  the  study  was  involved 
with  optical  measurements  on  the  diodes,  two  kinds  of  electrical  measure- 
ments were  carried  out  as  well.  Bias  dependence  of  the  diodes  capacitance 
and  temperature  dependence  of  the  zero  bias  impedance  can  provide  some 
important  information  on  the  nature  of  the  junction.  (See  discussion 
in  section  C of  chapter  2.) 

Measuremonts  of  the  capacitance  of  the  diodes  was  not  an  easy 
task,  head-tin  tellurida  is  known  to  have  a very  high  dielectric 
constant  and  therefore  the  diode  capacitance  is  high.  This,  plus  the 
fact  that  our  diodes  had  relatively  low  zero  bias  impedance,  made  it 
almost  impossible  to  perform  any  successful  capacitance  measurements. 

Tho  only  way  to  reduce  the  device  capacitance  and  at  the  samo  time  to 
increase  ita  resistance  is  to  fabricate  a diode  with  a very  small 
junction  area.  This  can  be  done  when  photolithographic  procedure  is 

utilized  to  confine  Che  mesa  urea.  We  used  tha  facllites  of  a rnicro- 

-4  2 

electronic  laboratory  to  make  three  mesas  each  with  2 x 10  cm  in 
effective  area.  These  diodes  were  Cd  diffused  PbQ  ggSiig  and  wore 
made  for  the  sole  purpose  of  capacitance  measurements.  Tho  wafer  vich 
tha  junction  was  mountod  on  an  aluminum  block  which  was  immorsnd  in 
liquid  nitrogen.  Electrical  contacts  to  both  the  n-type  mesa  and  the 
p-typo  buee  were  mado  by  aluminum  probes.  The  device  had  a 20  Kil  re- 
sistance and  231  pF  capacitance  when  measured  with  no  bins  at  77K.  A 
lioonton  Electronics  Corporation  Model  7LA  capacitance  meter  was  used. 
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This  meter  has  a range  of  zero  to  1000  pF  and  can  provide  an  instant 
direct  reading. 

The  resistance  of  several  diodes  at  zero  bias  was  measured  at 
a temperature  range  from  4K  to  room  temperature.  This  was  done  while 
the  diode  wee  mounted  on  the  cryostat  and  temperature  adjustment  was 
achieved  in  the  same  way  as  for  the  Hall  measurements.  The  resistance 
was  measured  using  an  A.C.  bridge. 

C.  Optical  Measurements 

The  two  major  optical  measurements  were  the  spectral  response 
of  both  photoconductive  and  photovoltaic  (Pb,Sn)Te  detectors.  The 
main  purpose  of  these  measurements  was  to  determine  che  fundamental 
absorption  edge  and  its  dependency  on  temperature,  carrier  density,  and 
impurity  diffusion.  In  addition,  time  constant  measurements  of  the 
diodes  wave  made  ao  Junction  capacitance  could  be  obtained  by  an 
independent  measurement  technique. 

,1.  Photoconductive  Response 

Due  to  the  low  mobility  ratio,  high  carrier  concentration  and 
conductivity  of  our  samples  diffused  with  Sb  and  Cd,  it  is  almost 
impossible  to  obtain  a good  photoaignal  vhon  using  it  as  a photoconductive 
dotector.  While  working  on  the  effects  of  diffusion  in  (Pb,Sn)To,  we 
noticed  time  using  a mixture  of  cadmium-indium  source,  a diffusion  at  the 
right  temperature  would  produce  material  suitable  for  photoconduction 
measurements. 
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Sample  preparation  and  mounting  were  similar  to  the  procedure 
described  for  the  Hall  measurements.  Th^  same  dewar  ya g used  but  a 
KRS-5  window  was  installed  in  its  tail  piece.  The  temperature  range 
of  the  measurements  was  from  4K  to  120K.  At  higher  temperature  the 
ratio  of  photosignal  to  noise  was  too  poor  to  conduct  measurements . 

A Perkin  Elmer  Model  13  spectrometer  was  used  in  all  our  spectral 
reapppae  measurements.  The  dewar  position  relative  to  the  spectrome- 
ter. optics  is  shown  in  figure  25.  The  spectrometer  is  equipped  with 
a Nernest  glower  source  and  a thermocouple  detector  complete  with  a 
13  Hz  chopper,  amplifier  and  a strip-chart  recorder.  The  thermocouple 
detector  has  a response  which  is  independent  cf  the  incident  radiation 
wavelength  and  is  therefore  used  for  normalizing  the  response  of  the 
measured  samples.  To  minimize  noise  from  our  sample  the  beam  was 
chopped  at  208  Hz  and  signal  output  was  amplified  by  a Princeton  Applied 
Research  Modol  JB5  lock-in  amplifier  with  a navrow  band  width  which  was 
tuned  to  that  frequency.  For  'photoconduction  measurements  a Perry  Model 
607  preamplifier  was  used  in  conjunction  with  the  JU5  amplifier.  The 
amplified  signal  was  recorded  on  the  spectrometer  strip-chart  recorder. 

The  sample  response  was  normalized  against  the  thermocouple  response  in 
order  to  cancel  out  the  wavelength  dependence  of  the  spectrometer  radiation 
sourco.  The  relative  response  was  then  obtained. 

2,  Diode  Spectral  Response  and  Time  Constant 

In  section  A(3)  of  this  chapter  the  photodiode  fabrication  pro- 
cedure was  described.  The  long  leads  of  the  TO-5  header,  on  which  die 
dovico  waa  mounted,  were  cut  and  the  package  was  mounted  on  die  sapphire 
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plate  of  the  dewar  just  as  for  the  photoconective  samples.  The  de- 
tector photo-signal  was  input  to  a Triod  Corp.  Geoformer  (transformer) . 
From  the  geoformer  the  signal  was  amplified  by  the  two  Princeton 
Applied  Research  amplifiers.  Recording  and  reducing  the  photoresponse 
was  done  exactly  as  for  the  photoconduction  measurements. 

The  shape  of  the  response  as  a function  of  wavelength  is  basically 
the  same  as  discussed  in  the  previous  section  although  the  junction 
depth  and  structure  may  effect  it.  If  the  junction  is  deeper  than  the 
diffusion  length,  some  of  the  excited  photocarriers  will  not  reach  the 
junction  and  thus  will  not  contribute  to  the  photosignal.  In  some 
cases  the  optical  gap  may  not  be  of  the  same  width  in  both  sides  Of  the 
junction  and  the  photoresponse  is  the  result  of  two  transition  proba- 
bilities. 

Time  constant  measurements  were  made  by  shining  square  light 
pulses  from  a 10,6  micron  lasor^1  on  the  detector,  and  observing  the 

signal  decay.  Rise  and  decay  time  of  the  light  pulse  were  less  than 
-9 

0.5  x 10  seconds  and  the  measurements  were  limited,  therefore,  by  the 
response  time  of  the  amplifier  used.  The  CO^  lasor  system  had  a GaAs 
electro-optic  modulator,  external  to  the  laser  cavity,  which  was  mounted 
in  the  transmission  line  from  a high  voltage  pulBer  to  a 500  termina- 
tion. The  direction  of  polarisation  of  the  laser  beam  was  aligned 
parallel  to  the  applied  electric  field.  The  laser  output  was  partially 
self-polarized  by  an  internal  Brewster  window.  An  x-y  rccordor  was 
used  to  record  the  decay  trace  as  shown  in  figure  26.  The  bias  de- 
pendence of  the  time  constant  will  be  discussed  in  section  C of 
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chapter  4.  We  will  also  discuss  the  meaning  of  these  measurements  when 
taking  the  device  and  load  resistance  into  consideration. 
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CHAPTfiR  IV 

RESULTS  AND  DISCUSSION 

Our  diffusion  results  Bhow  two  types  of  anomalous  behavior  in 
the  doped  (Pb , Sn)Te.  Cd-In  diffusion  produced  a major  change  in  the 
physical  properties  of  the  host  material.  The  lattice  parameter  in- 
creases while  the  number  of  free  charge  carriers  and  the  mobility 
decrease  drastically.  The  energy  gap,  which  was  determined  by  photo- 
conductivity measurements,  shows  a big  increase  as  the  result  of  the 
Cd-ln  diffusion.  Photodiodes  ware  not  fabricated  by  this  method  since 
photoconductivity  measurements  could  be  performed  to  determine  the 
optical  gap. 

Photodiodes  are  the  main  tool  for  studying  the  effect  of  Cd  and 
Sb  diffusion  on  the  optical  properties  of  (Pb,Sn)Te.  We  will  also  dis- 
cuss the  electrical  properties  of  the  two  kinds  of  junctions.  The  last 
section  is  devoted  to  discussion  of  the  Bursteln  shift  in  Sb  diffused 
diodes  and  in  degenerate  bulk  (Fb,Sn)Tc. 

A.  Diffusion  Dependence  of  Crystal  Structure 

Solid  mixtures  of  cadmium  and  indium  (Cd-In)  were  prepared  by 
reacting  the  two  metals  in  the  desired  quantities.  The  alloy  was  used 
us  tiro  diffusion  source.  It  was  observed  during  the  early  port  of  our 
study  that  Cd-ln  diffused  (Pb,Sn)To  manifests  very  unusual  physical 
properties.  Hall  measurements  at  nitrogen  temperature  indicate  very  low 
free  electron  concentrations,  in  fact,  as  soon  ns  the  diffusion  tem- 
peratures exceeded  700°C,  the  carrier  densities  were  equal  to  or  lower 
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than  any  number  previously  reported , 

In  order  to  characterize  the  phenomenon  we  carried  out  more  than 
two  dozens  diffusion  experiments  under  different  conditions.  A repre- 
sentative selection  of  these  samples  was  used  for  more  careful  and  com- 
plete electrical  and  optical  measurements  as  a function  of  temperature. 

The  results  will,  be  shown  and  discussed  in  the  following  sections.  The 
dependence  of  the  physical  properties  of  diffused  (Pb,Sn)Te  on  diffusion 
temperature,  content  of  SnTe  in  the.  Baraple,  and  composition  of  the  source 
alloy  was  determined.  The  diftusion  temperature  range  was  400-800“C.  The 
Pb^  ^Sti^Te  samples  ware  cut  from  aa-grown  crystals  with  x » 0.04,  x * 0.13, 
X “ 0.14,  and  x » 0.24.  The  various  diffusion  sources  were:  pure  cadmium, 
1:1  atomic  ratio  Cd-In,  1:4  Cd-In,  and  pure  Indium,  in  all  cases  the 
samples  were  completely  converted  into  n-typo  as  a result  of  the  dif- 
fusions. 

The  carrier  concentrations,  ti,  were  calculated  from  the  Hall 
coefficient,  R,  measured  at  77K  using  the  formula 

n - 1/eR  (4.1) 

77K  la  assumed  to  be  a low  enough  temperature  to  maintain  only  a small 
fraction  of  thermally  generated  carriers  and  at  the  same  time  high  enough 
to  avoid  a freeze  out  of  extrinsic  carriers. 

figure  27  shows  the  free  carrier  concentration  dependence  on  the 
diffusion  temperatures  for  a few  samples.  It  Is  clear  that  ns  the  dif- 
fusion temperature  is  increased,  the  carrier  density  decreases.  The 
effect  la  less  pronounced  In  samples  with  a low  Sale  content  tx  0.04). 

In  general,  one  would  expect  heavier  doping  at  higher  diffusion  tom- 
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perature.  The  ;*4S“«nv.s  press &.*•«-»  i a vi^yte  7./  -rlo  not  niv-ssssrlly  con-  ' 
tiadict  this  not i On  for  the  folicm&g  reason:  the  number  of  impurity 
atoms  may  have  increased  with  diffusion  temperature ; yet  most  of  them 
are  electrically  inactive.  The  number  of  free  charge  carriers  may 
decrease  if  some  compensation  takes  place. 

In  figure  28  we  show  the  dependence  of  the  carrier  density  on 
the  diffusion  source  composition.  It  appears  that  only  the  mixture  of 
cadmium  and  indium  source  produces  the  extraordinary  low  carrier  con- 
centration. Diffusion  with  either  metal  alone  results  in  much  higher 

value  for  the  fits  charge  density  It  should  be  pointed  out  that 
ll  -2 

density  as  low  as  4 x .10  cm  ’ ha9  been  measured  for  one  sample  at  77K. 

We  hove  utilized  our  x-ray  techniques,  as  described  in  section 
U of  chapter  0C  to  examine  any  structural  change  as  a result  of  this 
type  of  diffus  i.  n.  h‘is  \ reflection  l.aue  niiuuvs  revealed  the  same 
NaCl  syomeuy,  but  the  reflected  radiation  was  of  a much  lower  intensity. 
However,  when  the  lattice  constant  parameter  was  measured,  an  obvious 
and  consistent  expansion  was  observed  w«  then  looked  at  the  diffusion 
temporatm  •»  dependin'. « of  this  change,  fhe  results,  which  are  presented 
in  figure  7.9,  show  si  most  linear  I nr  r Base  in  the  lattice  constant  as  the 
diffusion  temperature  Is  Increased.  Diffusion  at  800*0  caused  the  crystal 
parameter  to  tivr«*ase  by  half  n percent.  These  results  also  indicate 
that  the  amount  of  impurity  diffuaed  into  the  crystal  must  be  very  high. 

It  probably  requires  at  least  a tenth  of  a percent  ol  foreign  otoms, 

70  3 

l.e.  more  than  lu  Homs  per  cm  » in  order  to  change  the  lattice 
constant . 
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X-ray  topograph  pictures  (figure  30)  of  the  diffused  (£b,Sn)Te 
were  also  vaken.  Two  wafers  were  examined  after  etching  away  about  0,2  rom 
from  the  surface.  One  was  diffused  into  the  \llj)  surface  and  the  other 
into  the  (100)  , The  x-ray  pattern  In  the  first,  tas p indicates  symmetric 
round  pit  The  dif f o»ed  '100'  nlane  has  •»  : --eiea*'  pattern 

aa  seen  tn  r;gura  30,  It  looks  as  though  tneve  are  rnii<  parallel  channels 
across  the  plane.  We  conclude  that  the  impurity  precipitated  in  some 
preferred  maimer  according  to  tne  crystal  symmetry 

k SCanoitiv  elect  con  rol''rrc-  -.r.n  ri*‘h  • ra*.  ft«a|'ijit'  was  used 
as  an  additions]  coot  ter  examining  -hr.  ihata1.:-  .n  .t.vstaji  structure.  The 
micrograph  pictures  are  shown  in  figure  31  looked  at  the  (111)  sur- 

face and  were  able  to  detect  some  In  inside  the  pit  and  soma  Cd  outside. 
The  detection  wns  done  by  looking  at  the  x rnv  specfium  emitted  from  the 
spur  hu  .-•/  i he  ■.  mi  oe am  Him  re  h<o  m - j«  u.j1  tlva  to  t*u 

me n f. a pimi.  j.i?  iu: gov  fha»»  *»  fs:»  i»<*.  .•?  * thus,  vv  he  .t 

an  additional  technique  (or  estimating  thr  con.enu  at  ion  of  Impurity 


dif  f lifted  - 

We  conclude  although  •. » -st/*1  »•  . vmuU»*»  the 

riatim  •>;  L»*.t  u»e  c-i  in  i 1 1 «.  *j$)  < n . *n£i«s  are  «.-'*»«»  ‘ ' ^r.  I riHhV.fi?-  in 

the  Crystal  ftettn  troia  lattice  con«Unr.r  mens**r»m«»*.ir*  • t a\  ? ‘.[-ogiaphti , 

sad  electron  micrographs-  The  atomic  content  r!.<  Hf fused  impurity 
J"  2! 

i:,  **i  ; j’.m!,'  i’-  J'l  .•«  »•  iC-  h ’ ••  s *.‘f  -Oi  f’ntr-1r ' >n 

i ,i4  t *.<*’  :hf  I'iis  ri  1.'  is  and  .'pT  ’ a!  ’ T * ; s 

...»  «.•  i ».*'  c-t  .. 

•-it:  '*ugf5^st«  • - 


-136- 


X-ray  examination  of  Sb  and  Cd  diffused  (Pb,Sn)Te  revealed  no 
change  in  either  material  structure  or  lattice  constant. 

B,  Hall  and  Mobility  Change  Due  to  Diffusion 

Hall  effect  and  resistivity  measurements  at  77K  were  made  on 
every  diffused  sample  Those  samples  which  were  selected  for  tempera- 
ture dependence  measurements,  were  mounted  on  the  Hof man  cryostat  as 
described  in  the  previous  chapter- 

The  Hall  coefficient,  R,  is  defined  as: 

V x t G I 1 

R " y-~g~  * 10  cm  Coulomb  (4.2) 

where  is  the  measured  Hail  voltage,  t is  the  sample  thickness  parallel 
to  the  magnetic  field,  1 is  the  current  through  the  sample  perpendicular 
Co  the  magnetic  field,  and  B is  the  magnetic  flux  density  in  gauss.  The 
somple  resistivity,  p , is  given  by: 

V 

<>  * ohm  cm  (4.3) 

where  V is  the  Measured  potential  difference  between  two  contacts  a 
distance  i apart,  and  W is  the  somple  width.  All  dimensions  are  in 
centimeters,  and  are  in  volts,  and  1 is  in  amperes.  The  Hall 
coefficient  as  a function  of  reciprocal  temperature  for  four  selected 
diffused  samples  (see  Tab)#*  3)  is  shown  in  figures  32  and  33.  Resisti- 
vity of  these  same  samples  is  shove  in  figures  34  and  33.  For  comparison 
purpose  we  included  another  undif fused  (Pb.SuTTe  sample.^  We  observe, 
that  sample  hi, which  van  diffused  at  640“ X , has  the  lowest  Hall  constant. 

Its  resist iv) tv  and  Hall  coefficient  are  similar  to  those  of  the  undif- 
fuaed  sample,  ihe  other  three  samples  wore  diffused  at  higher  temperatures. 

1 i: 


Their  specific  resistance  and  Hall  constant  are  strongly  temperature 
dependent  and  they  are  larger  by  a few  order  of  magnitude,  than  the 
undiffueed  material. 

The  Hall  mobility  is  defined  as: 

**  cm  S8C 

and  ii.  shown  in  figure  36.  It  is  very  clear  that  the  diffusion  caused 
a major  decrease  in  the  mobility  of  the  samples.  The  higher  Che  dif- 
fusion .temperature f the  lower  is  the  mobility  Again,  we  observe  a 
strong  variation  with  temperature.  Samples  01  hi,  and  ur>  v.  i;! 
-creasing  mobility  with  temperature  for  a range  below  100K.  This  is  the 
case  when  the  mobility  mechanism  is  dominated  bv  ioniaed  Impurity  scat- 
tering. At  higher  temperatures  the  mobility  levels  off  and  chon  there 
is  a sharp  4en**»asi»  with  temperature,  which  is  exported  when  I attire 

scattering  is  the  major  mobility  process.  The  temperature  dependence 

-5/2  3 

of  the  mobility  of  (Vb^nlTe  was  shown  to  obey  the  T law  Sample 
L,  the  undiffused  materia),  shows  such  behavior  at  temperatures  greater 
than  60K  Thu  mobility  of  out  diffused  samples  approach  such  s slope 
only  at  temperatures  higher  then  320K.  This  indicates  a strong,  even 
if  not  dominant,  impurity  scattering  effect  at  lower  temperature  range. 

Hall  and  resistivity  measurements  on  completely  Sb  And  Cd  dif- 
fused samples  show  results  similar  to  unties  led  and  annealed  samples'* 
respectively,  and  therefore  are  not  discussed  here 
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C.  Electrical  Properties  of  the  Diodes 


We  have  calculated  the  Diffusion  coefficient,  D,  for  the  dif- 
fusion of  cadmium  impurity  into  a Pb^  single  crystal.  Our 

calculations  are  based  on  eight  experimental  runs  with  diffusion  tem- 
perature range  of  400  to  650°C.  and  diffusion  rime  from  42  to  120 
minutes.  Starting  from  equation  (2.21)  we  assume  that  the  Cd  density 

at  the  junction  is  much  smaller  than  on  the  sample  surface , (N(x,t)  << 

2 

N(0,t)),  and  therefore  the  approximation  D a x /t  can  be  used.  Our 

calculated  values  for  D as  a function  of  the  reciprocal  diffusion 

temperature  is  shown  in  figure  3?.  As  discussed  in  section  C of 

chapter  It*  the  slope  of  this  plot  is  equal  tu  the  diffusion  activation 

energy.  For  our  system  it  is  about  1.1  eV.  Dq  of  equation  (2.20)  is 

0.02  so  the  diffusion  coefficient  for  Cd  diffusion  in  Pb^  2i^e 

con  bo  written  ns  D(T)  "0.02  exp(l . 1/k  *J‘) . 

The  dominant  current  mechanism  in  the  Junction  can  bo  determined 

by  looking  at  the  temperature  dependence  of  the  zero  bias  resistance 

of  the  diode.  It  Is  possible  to  determine  whether  die  resistance  is 

limited  by  current  due  to  minority  carrier  diffusion  through  the  junction 

or  by  generation  recombination  processes  within  the  depletion  region. 

We  can  simplify  equation  (2.26)  of  chapter  2 for  the  saturation 

current  for  the  enso  of  load-tin  telluilde  where  h ^ p and  t % t to 

up  n p 

i i / * li  a , 1 , 1 N 2 n / \ 

'»  ^ t v (n,;  1 N , "i  (4-4) 

I)  t\ 
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where  the  relation  D * k_T  p/e  was  used.  The  diode  resistance 
B 

under  zero  bias,  Rq>  is  proportional  to  the  inverse  of  the  current  at 

zero  bias,  so  we  conclude  that  for  the  diffusion  current  case  R follows 

o 

_2 

the  temperature  dependence  of  n.  which  varies  as  exp(E  /k_T)  where 

1 go  B 

is  the  energy  gap  at  the  absolute  temperature.  Referring  now  to 
the  expressions  for  generation  recombination  current,  equation  (2.29) 
of  chapter  H,we  note  that  the  current  has  a linear  dependence  on  n^ 
so  the  temperature  dependence  of  the  zero  bias  resistance  is  clearly  n^. 

Figure  38  shows  a plot  of  the  resistance  of  both  Sb  and  Cd  dif- 
fused diodes  as  a function  of  the  inverse  temperature.  On  the  same 

- 1 i,  0 

graph  the  calculated  behavior  of  n^  and  ni  are  plotted  using  equa- 
tion (2.17).  Wo  observe  that  within  the  temperature  range  plotted  the 
dominant  current  mechanism  in  the  cadmium  diffused  diode  is  due  to  dif- 
fusion while  in  the  case  of  antimony  diffused  diode  it  seems  that 
generation  recombination  current  is  dominant.  It  should  be  stressed 
however,  that  nondegenerato  statistics  was  used  in  developing  the 
current  equations  and  therefore  we  are  not  aure  to  what  degree  they 
ore  valid  for  the  Sb  diffusion  case. 

In  figure  39  the  Inverse  square  of  a cadmium  diffused  diode 
capacitance  at  77K  is  plotted  versus  bias  voltage.  The  linear  rela- 
tion suggests  an  abrupt  Junction  sb  seen  from  equation  (2,25).  The 
built-in  voltage  is  obtained  by  extrapolating  the  C-V  curve  to  zero 
copacltanco.  In  our  case  it  la  found  to  be  0.07  volt.  The  Junction 
width  is  calculated,  using  aquation  (2,23)  of  the  nbovo  section,  to 


be  0.16  gm  when  a value  of  500  was  taken  for  the  dielectric  constant  and 
17  -3 

1 x 10  cm  for  the  donor  density.  We  were  unable  to  measure  the 

capacitance  of  Sb  diffused  diodes  because  of  their  very  high  capacitance. 

55 

Results  obtained  by  M.  R.  Johnson  suggest  a linear  graded  junction  with 
grading  constant  of  1.9x10^  cm  * and  built-in  voltage  of  0.26  volt. 

The  time  constant  measurements  do  not  represent  the  real  device 
decay  time  which  is  believed  to  be  RC  limited.  The  reason  can  be  ex- 
plained as  follows:  The  device  is  connected  in  parallel  to  the  time 
constant  system  load  resistance,  T<^.  The  equivalent  resistance,  R , 
now  should  be  considered  in  the  equation  r * RC.  In  our  case  was 
500  and  R.j  was  about  an  order  of  magnitude  larger  when  the  diode  was 
reverse  biased.  In  figure  26  we  show  two  typical  time  decay  traces  of 
the  same  diode  at  different  bias.  The  bias  dependence  of  the  time 
constant  is  shown  in  figure  40.  We  note  that  at  very  small  reverse  bias 
the  decay  becomes  slowei  but  then  faster  as  the.  bins  becomes  more  nega- 
tive. The  reason  lor  that  is  due  to  a big  increase  in  diode  resistance 
and  a small  decrease  in  Its  capacitance  at  low  bias.  For  larger  reverse 
bias,  the  constant  load  resistance  is  dominant,  but  the  diode  capacitance 

decreases  making  the  decay  time  shorter.  Similar  results  had  been  obtained 

, , 56 

earlier . 

Using  the  decay  time  values  for  reverse  bias  larger  than  0.2 
m amp  and  tin1  diodeV.  itnislnnce,  we  were  ible  to  calculate  its  capaci- 
tance. rho  value*;  were  of  the  same  order  of  magnitude  as  obtained  by 
diiecl  enpaci  I am  e measurements  (figure  39). 
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D.  Fundamental  Absorption  Edge  Shift 


The  last  section  deals  with  two  types  of  shifts  in  the  funda- 
mental absorption  edge  as  a result  of  impurity  diffusion.  The  first 
one  is  caused  by  the  Cd-In  diffusion  and  is  probably  due  to  some  change 
in  the  energy  band  structure  in  the  material.  The  second  is  due  to  the 
displacement  of  the  Fermi  level  from  the  forbidden  gap  into  one  of  the 
bands  in  degenerate  material. 

1.  Energy  Gap  Increase  Due  to  Cd-In  Pit fusion 

Photoconductivity  measurements  were  carried  out  on  Cd-ln  diffused 
(Pb,Sn)Te  samples.  As  discussed  earlier,  (section  C of  chapter  3)  the 
optical  energy  gap  can  be  determined  from  the  spectral  response  obtained 
from  such  measurements.  Figure  41  shows  the  temperature  dependence  of 
the  energy  gap  for  three  diffused  samples.  The  only  difference  among 
the  three  is  the  diffusion  temperaturo.  On  the  same  graph  wo  present 
the  variation  of  the  gap  with  tempornturo  cf  an  undlffusod  (Pb,Sn)Tc 
sample  with  a similar  composition.  The  effect  of  the  diffusion  on  the 
gap  is  striking.  At  low  (<50K)  temperatures  the  optical  energy  gap  is 
increased  by  50  percent,  but  at  temperatures  above  60K  there  is  an 
extremely  nbarp  increase  with  temperature.  The  energy  gap  at  90K  is 
about  four  limes  larger  than  thu  gap  of  an  undiffuaed  lead-tin  tellu- 
rldo, 

Wo  can  summirlre  the  effect  of  Cd-hi  diffusion  into  lead  tin 
tellurlde  an  follows:  When  diffusing  at  temperature  above  bSC’C  the 

lattice  parameter  expands  by  up  to  0.5  percent  while  the  crystal 


symmetry  remains  the  same.  Some  impurity  clusters  are  observed.  The 
free  carrier  concentration  and  the  Hall  mobility  both  decrease  by  a few 
order  of  magnitudes  while  the  optical  energy  gap  increases.  The  big 
increase  in  the  gap  is  not  likely  to  be  a result  of  the  lattice  expan- 
sion since  a larger  lattice  increase,  caused  when  the  fractional  con- 
tent of  Snl’e  is  increased,  produces  much  smaller  increase  in  the  gap. 

A possible  explanation  can  be  obtained  if  we  assume  that  the  impurity 
clusters  produce  energy  barriers  along  the  lattice.  These  barriers 
can  explain  the  increase  in  the  optical  gap  as  well  as  the  decrease  in 
the  mobility.  They  can  act  also  as  compensation  centers  which  would 
bring  about  a reduction  in  the  number  of  free  carriers. 

Alternatively,  one  can  treat  the  whole  system  as  an  homogeneous 
material  rather  than  (Pb,Sn)Te  crystal  with  impurity  centers.  Since 
the  physical  properties  change  so  drastically  only  at  700°C  and  higher 
temperatures,  and  since  the  amount  of  impurity  is  of  the  order  of  a 
tenth  of  a percent,  a possible  chemical  reaction  may  be  taking  place 
producing  a semiconducting  material  with  different  properties. 

Although  our  measurements  do  charactui  »/.«•  iho  phenomenon  of 
Cd-In  diffusion  in  (Pb,Sn)Te  we  do  not  claim  to  understand  it.  We 
have  tried,  however,  to  outline  two  approaches  for  explaining  it. 

_2. The  Bursteln  Shift  in  Lend-Tln  Tollurldo 

Our  spectral  response  measurements  on  the  photod lodes  were  aimed 
to  determine  the  dependence  of  the  absorption  edge  on  crystal  composi- 
tion, temp  "ure  and  doping  techniques.  The  methods  of  detector 
fabrications  and  measurementa  were  described  in  i he*  previous  chapter. 
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The  antimony  diffusion  produced  junctions  with  n-type  layers  with  carrier 
19  3 

density  of  1-3  x 10  per  cm  while  cadmium  doping  resulted  in  n-layera 
with  free  electron  concentration  two  orders  of  magnitude  lower.  The 
exact  carrier  density  varied  with  diffusion  temperature  and  substrate 
composition.  Hall  measurements  on  completely  diffused  samples  were  used 
to  determine  the  exact  concentration  in  each  case. 

Figure  42  shows  typical  responses  of  two  diodes  at  three  tem- 
peratures. One  detector  was  diffusad  with  antimony  and  the  second  with 
cadmium,  but  in  both  cases  the  host  mscerials  were  from  the  same  crystal. 
It  is  readily  seen  that  the  spectral  response  of  the  Cd  diffused  diode 
shifts  to  shorter  wavelength  when  operating  at  higher  temperatures.  This 
is  expected  since  the  energy  gap  of  lead-tin  telluride  increases  with 
temperature.  However,  in  the  case  of  tha  Sb  diffused  detector  there  is 
almost  no  change  in  the  response  when  the  temperature  is  increased.  A 
comparison  reveals  that  at  a low  temperature  the  firat  ono  is  sensitive 
to  12-14  pm  radiation  incident  and  the  second  to  6-9  pm.  This  implies 
different  fundamental  absorption  edges  at  low  tomparatures.  Figures  43 
and  44  give  more  complete  -inure  on  the  temperature  dependence  of  the 
spectral  response.  Each  figure  shows  a comparison  of  the  responses  of 
the  two  types  of  detectors.  It  is  cloor,  also,  that  in  figure  44,  whore 
the  diodes  are  made  of  material  with  higher  content  of  SnTo  than  those 
shown  in  figure  43,  the  effect  is  more  pronounced.  Below  some  tempera- 
ture, which  varies  with  the  composition  of  the  substrate,  cadmium  dlf- 
fuaed  diodes  are  sensitive  to  lower  energy  photon  incident  than  antimony 
diffused  ones. 
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X-ray  determination  of  the  lattice  constant  before  and  after 
diffusion  shows  no  difference  in  either  case.  Thus,  it  is  believed 
that  the  difference  in  absorption  properties  are  not  due  to  the  crys- 
tal structure  change  but  rather  to  some  other  fundamental  property  of 

the  material  under  study.  Wc  compared  our  data  to  transmission  measure- 

3 

ments  results  obtained  by  Lockwood  on  annealed  and  unannealed  (degen- 
erate) samples.  It  was  observed  that  for  a given  composition , measure- 
ments on  a Cd  diffused  detector  and  transmission  on  an  annealed  sample 
yield  very  similar  values  for  the  energy  gap  which  are  in  agreement 
with  theoretical  prediction. 

The  results  obtained  from  the  antimony  diffused  diodes  show 
basically  similar  tetuperatura  dependency  as  those  obtained  from  trans- 
mission measurements  on  ununnealed  samples  and  they  are  in  disagree- 
ment with  conventional  theoretical  predictions. 

This  anai*ioJ*Mu-  dependence  of  the  optical  absorption  edge  for 

high  carrier  concentration  material  was  observed  first  in  indium 
57  4 

nntimonide.  llurstoin  proposed  the  following  explanation:  Due  to 
the  small  band  gap  and  small  electron  effective  mass  in  ln$b,  Che 
IVrml  level  moves  into  the  conduction  bund  as  the  donor  concentration, 

H j,  J«»  i lie i eased,  resulting  in  a shift  of  the  absorption  edge.  In 
other  words,  the  density  of  states  in  the  conduction  band  is  low  enough 
no  that  many  of  the  states  at  the  bottom  of  this  band  are  already 
I tiled  (see  figure  45)  and  thus  unable  to  accept  any  optically  excited 
e lev irons.  Only  states  of  higher  energy  are  still  available  for  occu- 
pancy by  tlie  photo-generated  electrons.  This  effect,  which  was  also 
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explained  by  Moss,  has  also  been  observed  in  other  small  gap  semi- 
59 

conductors.  We  shall  use  the  Burstein  model  to  calculate  the 
displacement  of  the  absorption  edge  for  degenerate  lead-tin  telluride. 

In  figure  46  we  show  a schematic  energy-wave  vector  band  dia- 
gram for  a degenerate  n-type  material.  In  the  following  we  measure  all 
energies  from  the  bottom  of  the  conduction  band  and  consider  only  direct 
transitions.  The  minimum  energy  required  to  excite  an  electron  from 
the  valence  band  into  the  conduction  band  is 


hv  * E-E 


h2  , 2 


- . (.  * - k*) 

2m  ® 2 m. 

c n 


(4.5) 


where  v is  the  incident  photon  frequency,  E and  are  energies  (see 
A * 

figure  46),  and  and  are  the  respective  electron  and  hole  density 
of  slate  effective  masses.  The  above  equation  can  bo  rewritten  as 


hv  « E + E(1  + • v) 

® m, 

h 


(4.6) 


The  absorption  coefficient,  .*»,  fov  degenerate  semiconductors  is  given 

1 60 
by 


%(  1 l+c>;p( i J /K j.’l ) ^ 


(4.  V) 


where  a is  the  absorption  coni  f ic  lem  for  the  n«*odt>.«  ner.u  e case, 
o 

From  equation  (4.7)  we  obtain 


K *!  Kf  - kttT  In  (•  1)  . 

f II  n 


(4.8) 


Using  this  expression  for  K,  equal  l«*u  (••.()  becon«  : 


(4.9) 


* 

iu 

hv  = E + [E  - Ik  T][l  + -|) 

"h 
a 

where  we  define  y 2 £,n  (-—“  - X).  For  (Pb,Sn)Te  the  effective  masses 
of  electrons  and  holes  are  almost  equals,  so 


hv  « E + 2 (E  - yk  1)  . (4.10) 

f g P B 

Equation  (4.10)  will  be  used  to  evaluate  the  required  incident  energy 
for  a direct  transition  at  a given  temperature.  Burstein  has  taken 
y“4  and  thus  insured  that  within  the  range  of  yk^T  the  absorption  ex- 
ceeds 99%  of  its  full  value  at  temperature  T.  Alternatively,  y can  be 
taken  as  an  independent  variable  the  value  of  which  can  be  determined  by 
fitting  equation  (4.10)  to  the  experimental  data. 

Expression  (4.10)  can  be  evaluated  for  a given  carrier  density  n 
and  temperature  T only  if  the  Fermi  level  E^  is  known.  To  calculate 
we  use  equations  (2,16)  of  chapter  jX-  but  the  right-hand-side  is 
multiplied  by  a factor  of  4 since  we  need  to  take  into  account  all 
eight  half  equivalent  minima  in  the  zone  edge  of  lead- tin  tclluride. 
Hence,  equation  (2.16b)  becomes 


. 2"ra  V, 3/2,,,  -1/2 
n - 1 0 ( — -s ) ] 1 2n 

h 


x1/2a  + -V/2u  + — > 

r-j*).  (2,ii) 


l+exp(x-n) 

Defining  Nc  S H<~^—  )3/Z  - 1.93  x 1016  (~)3/2T3/2',  where  m is  the 


2«u>  k„T 
h 

electron  muss,  nml  denoting  by  F(c,n)  tlic  Integral 


K(t,n)  • 2« 


•1/2 


• 1 12  ..  X, 1/2,,  2x. 

x yi  . -/  vi  + ~r> 

S— — dx  (4,12) 

l+oxp(x-n) 
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equation  (4.11)  can  be  written  as 

ri  « NcF(e,ri)  . (4.13) 

The  integral  F(e,n)  has  been  evaluated  by  Bebb  and  Ratliff^3  for 
0.01  < e < * and  -5  <_  n <.  10.  Using  these  results  we  can  use  equation 
(4.13)  to  calculate  the  (reduced)  Fermi  level  n for  given  n,  t and  T. 

For  n larger  than  10  the  integral  F(e,n)  is  no  longer  equal  to 
n/N^.  However,  as  T approaches  aero,  e approaches  infinity  and  P(c,n) 

becomes  the  familiar  Fermi-Dirac  integral  Bor  n>>l, 

30 

can  be  approximated  to  within  2 percent  bv 

F1/2(n)  = 5 ii'1/2(n?  + 1.7)3M  . (4.14) 

For  this  range  of  T and  n we  can  rewrite  equation  f4.J3>  as 


..  4 -1/2,2^ 

N r n (n  + 
c 3 


1.7) 


3/4 


(4.15) 


2 

Neglecting  1.7  compared  to  n In  the  above  expresaion  we  solve  for 
n and  get 


n 


1.68  x 10 


11 


„3/2 


'<V)T  . 


(4.16) 


Equation  (4.16)  is  then  usad  to  obCiiu  the  reduced  Fermi  levels  at  low 
temperatures . 

The  experimental  values  of  the  aosorvcd  radiation,  hv,  for  two 
transmission  samples  (number  9 and  number  10)  have  been  fit  to  equii  - 
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tion  (4.10)  using  a general  least-square  technique  on  a digital  computer. 

The  values  for  E were  obtained  from  similar  optical  measurements  on  non- 
g ' 

degenerate  material,  and  the  carrier  density  n was  obtained  from  Hall 

measurements.  The  fitting  program  is  given  n,  E ,T  and  initial  esti- 
A 

mate  for  y and  m . The  parameters  obtained  by  use  of  the  fitting  program 

A 

for  sample  number  S were  y R 5.057  and  ai  * 0.04932m.  For  9ample  number 

A 

10  we  got  y = 6.77  and  m « 0.0235m.  The  values  of  the  effective  mass 

2 

of  (Pb,Sn)Te  reported  in  the  literature  are  of  the  order  of  0.06m. 

In  figure  67  we  present  the  calculated  Fermi  level  as  function  of 
electron  concentration  for  sample  number  9 at  three  chosen  temperacures . 
Figures  68  and  69  show  the  experimental  and  the  calculated  absorption 
edge  shifts  for  both  samples.  Figure  50  presents  the  calculated  optical 
energy  gap  hv  dependence  on  carrier  concentration  at  three  given  fixed 
temperatures.  Here  wo  calculated  hv  for  Pb,  ^Sn^Te  with  E^  corresponding 

A 

« .17.  w and  y were  taken  from  our  values  fcv  sample  number  9. 
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CHAPTER  V 


SUMMARY 

We  have  investigated  the  effect  of  impurity  diffusion  in  lead- 
tin  telluride  on  its  physical  oroperties.  Three  types  of  metal  im- 
purities were  studied:  antimony,  cadmium,  and  a mixture  of  cadmium 

and  indium.  Uhen  Cd-ln  alloy  was  used  as  the  diffusion  source,  we 
observed  a drastic  change  in  the  electrical  and  optical  properties  of 
the  host  (Pb,Sn)Te,  as  well  as  an  expansion  of  its  unit  cell.  We  have 
measured  Che  temperature  dependence  of  the  Hall  coefficient  and  the 
resist  /icy  of  the  diffused  material,  and  observed  a big  rncre.ise  in 
both  physical  quantities  and  in  their  variation  with  temperature. 

Ac  77K,  for  example,  the  Hall  coefficient  and  che  resistivity  each 
increased  by  up  to  6 order  of  magnitude,  depending  on  the  diffusion 
temperature.  The  optical  energy  gap  of  the  Cd-ln  diffused  samples  was 
found  to  Increase  by  a factor  of  two,  and  the  lattice  constant  expanded 
by  half  oi  a percent.  We  looked  at  the  diffusion  temperature  depend- 
ence of  this  phenomenon  and  dHtlced  chat  diffusion  below  700°C  does 
not  produce  it,  but  at  It  is  very  pronounced.  Further  increase 

in  the  temperature  (up  to  800°C)  has  a relatively  small  effect.  We 
bo! leva  that  tno  system  undergoes  some  kind  of  Intrinsic  change,  proba- 
bly due  to  some  chemical  reaction,  and  therefore  cannot  be  treated  as 
convent tonally  doped  (Pb,Su)Te.  Although  we  were  able  to  characterize 
the  physical  changoa,  further  investigation  is  required  in  order  to 
provide  an  explanation  as  to  why  they  occur. 
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Cadmium  and  antimony  were  used  to  diffuse  p-n  junctions  on  which 
electrical  and  Optical  measurements  were  carried  out.  We  have  found  that 
the  diffusion  coefficient  of  Cd  in  PbQ  ^SnQ  2iTe  is  D(T)  » 0.02  exp(l.l/kg). 
The  p-n  junction  which  is  produced  by  such  a diffusion  is  an  0.16  pm  abrupt 
junction  with  a built-in  voltage  of  0.07  volts.  The  shift  in  the  spectral 
response  of  Sb  diffused  diodes,  which  we  observed,  is  believed  to  be  the 

same  as  observed  in  transmission  measurements  on  degenerate  (Pb.Sn)Te, 

4 

Using  a model  proposed  by  Bureljaln  we  were  able  lo  calculate  the  expected 
shift  of  the  aoaorptlon  edge  and  to  show  that  the  theoretical  results 'ate 
in  agreement  with  the  experimental  data.  A fitting  procedure  of  the  cal- 
culated and  the  experimental  results  yields  a hole  effective  mass  of 
abouc  0.04m, 
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Table  2 


Growth  Pun.; 


Charge 

Growth 

Growth 

Crystal 

Run 

Composition  Temperature 

AT 

Time 

Length 

Number 

{%) 

( C) 

(9C) 

(Days) 

(mm) 

Remurks 

3 

20 

863*2 

5 

16 

N.G. 

4 

20 

84312 

5 

16 

18* 

G 

5 

15 

848l4 

7 

14 

30 

A.T. 

6 

15 

843*0 

5 

6 

lU 

G 

7 

15 

84212 

5 

10 

N.G. 

8 

15 

84oi2 

5 

18 

N.G. 

S 9 

10 

845*8 

5 

18 

6 

hillocks 

9 

10 

84812 

5 

26 

30 

G 

S10 

18 

84012 

5 

10 

10 

G 

10 

10 

840+5 

5 

25 

15 

G 

11 

10 

848+3 

6 

19 

25 

A.T. 

S12 

22 

85011 

3 

13 

10 

G 

12 

22 

834*5 

5 

18 

17 

a 

SI  3 

22 

837*5 

5 

20 

26 

0 

13 

22 

845*5 

5 

21 

15 

0 

14 

22 

848*3 

3 

26 

25 

0 

15 

20 

845*1 

3 

30 

20 

0 

16 

20 

839*2 

4 

37 

20  . 

0 

17 

25 

84oil 

3 

24 

25 

0 

18 

1*5 

007*3 

6 

28 

20 

G 

S19 

0 

07511 

3 

21 

10 

0 

19 

0 

865*1 

7 

28 

31 

0 

20 

20 

845*5 

7 

21 

30 

A.T. 

S?1 

20 

045+5 

7 

17 

10 

0 

21 

20 

0 

S<!2 

0 

865*1 

5 

20 

0 

22 

0 

865*3 

5 

21 

< t 

G 

23 

10 

C 

S24 

5 

G 

24 

5 

G 

S25 

15 

83613 

8 

22 

30 

G 

25 

15 

838*3 

7 

30 

a 

S26 

19 

83411 

3 

30 

G 

26 

19 

0301? 

5 

21 

20 

G 

827 

2 

815*2 

3 

30 

15 

•1.0. 

27 

2 

050*3 

5 

30 

A.T. 

820,20 

23 

G 

829.29 

31 

853*2 

5 

,# 

SJ^O, 830,30  23 

0 

8831  ,831 

31  22 

(*, 

832 

23 

04011 

4 

22 

25 

32 

23 

850*1 

4 

21 

'<(: 

G 

33-39 

??. 

G-Gvod; 

N .0. -No  Good 

A .T. -All 

Charge 

Trai.r  pc- 

. 
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Table  3 

Samples  Diffused  With  Cd-In 


Sample 

X 

a 

Diffusion 

Temperature 

n77K 

R77K 

P77K 

W77K 

D1 

.14 

1:4 

64o°c 

5xl017 

1.25X101 

1.80xl0"3 

6.9xl03 

D2 

.14 

1:4 

700°C 

3xl0llf 

2 .08x10^ 

9-76x10° 

2.1xl03 

D3 

.14 

1:4 

750°C 

^3 

fi 

o 

w 

X 

CO 

2.02X1011 

1.01X101 

2.0xl03 

DU 

.14 

1:4 

800°C 

3.6xlOl1' 

1.70X101* 

2.31X101 

7.3X101 

D5 

.24 

1:1 

700°C 

4xl012 

i.6oxio6 

S 

3.72x10* 

4. 3x10 3 

M 

L 

.10 

6.4xlOlr 

6x10° 

7xl0*U 

4xl0h 

* Samplo  L is  an  undiffusod  (Pb,8n)Te  which  io  Included  for  comparison. 

3 

It  was  prepared  and  measured  by  Lockwood. 


-154. 


Figure  l . Temperature- eomportit  ion  pyevuloUluary  phase  -liagram  fur 


n».  Sn  T©.?*f 

l -x  x 
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Figure  2.  Energy  gap  as  a function  of  composition  and  temperature  for 
Pb_  Sa  Te-^  The  band  inversion  occurs  at  E * 0.0- 


Plfluro  3.  Position  of  the  energy  bonds  in  tho  vicinity  of 

tlie  onurgy  gap  at  tho  L point  of  alloy  composition 
In  Pb,  Sn  To.35 
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Figure  3.  Ttmparalurc-compoHlclon  phasu  dintunro  for  Pb-Te  binary  uvhilma. 

The  lower  diagram  in  an  expansion  in  the  vicinity  of  thu 
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stoichiometric  composition. 
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Figure  8.  Relative  spectral  rcRpomie  of  a photon  detector  with 
(a)  constants  number  of  incident  photons  and  (b)  con- 
stant energy  incident  flux. 
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Figure  J.3-  Source  preparation  diagram 
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Figure  17 .Uerg-liovrecc  Buck  Ref lection  X-Ray  camera  geometry. 
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Figure  25.  Optics  of  t.|\o  Forkln-iilraur  Model  13  space  roue  ter . 
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DIFFUSION  SOURCE  COMPOSITION 
(ATOMIC  RATIO  Cd) 

Figure  28.  The  dependence  of  the  carrier  concentration  (at  77K) 
on  the  diffusion  source  composition. 
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result  of  t'il-ln  diffusion. 


X-kuy  topograph  (X10)  of  a diffused  (Pb,Sn)Te.  (a)  diffusion  into 
(ill)  surface » and  (b)  diffusion  into  (100)  surface.  Diffusion 
conditions  are  the  same  as  in  the  previous  figure. 
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Figuro  32.  Hall  coefficient  os  a function  e£  reciprocal  temperature 
for  the  samples  listed  in  Table  3 between  85K  and  400K. 
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I'ifiure  34.  Resistivity  as  a function  ot  reciprocal  temperature  for  tlie 
sample  Hated  In  Table  3 between  85K  and  400K. 
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Figure  3B.  Zero  Bias  resistance  of  !>".•  diodes  as  a function  of 
reciprocal  temperature,  tumoral ion -re comb in at ion 
current  la  dominant  In  the  Sb  diffused  diode  while 
diffusion  current  is  major  in  the  Cd  diffused  diodes. 
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BIAS  VOLTAGE  (V) 

Figure  39.  Moanurad  capacitance  att  a function  of  rovorno  biaa  for  Cd 
d if  fulled  diode  at  77K.  The  junction  obeys  tho  ono-sidod 
abrupt  model  with  a built-in  voltage  of  0.7  V. 
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Figure  AO.  Decay  lino  a6  a function  of  bias.  Since  the  toepomio  tino 
in  UC  limited,  the  diode  cuj.acitancQ  could  be  obtained  from 
the  above  results. 
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I Figure  43.  Cutoff  and  peak  of  response  energy  as  a function  of 

temperature  for  Cd  and  !ib  diffused  Pbg  ^Sn^  ^Te 
photodiodes. 

I 


50  100  150  200 

TEMPERATURE  (°K) 


Figure  44.  Cutoff  and  response  peak  energy  oa  a function  of 
temperature  for  Cd  and  $b  diffused  PbQ  qqS»0  20*e 
photodiodco. 
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Figure  45.  Schematic  diagram  ot  (a)  E-k  dlupovslon  relations  and 

(b)  tho  corresponding  dumilty  of  states  functions  at  OK. 
Curve  1 represents  smaller  effective  mass  than  curve  2. 
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1'iguro  47.  Calculated  l'orrai  energy  as  a function  of  carrier 
concentration  for  Pb^  g^Sn^  ^To. 
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Kiaure  48.  Kxpurimuntal  ami  calculated  absorption  odgo  shift  us  a 

function  of  temperature  for  de(jsnereto  Pb„  »,Sn.  , ,To. 
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Thu  nondodonerate  optical  (jap  is  shown  for  comparison. 
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Figure  49.  Experimental  and  calculated  absorption  edge  shift  as  a 
function  of  tonpornturo  for  doRenorato  Pbg  .75Sn0.2-,Te- 
Ilio  nondoRonerata  optical  nnp  la  shown  for  comparison. 
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CHAPTER  I 


INTRODUCTION 

HgCdTe  is  a semiconducting  pseudobinary  alloy  system  which  has  been 
the  subject  of  many  investigations  since  i960.  Whether  for  device  applica- 
tions or  for  more  fundamental  studies  of  physical  processes,  ail  investiga- 
tions begin  with  the  requirement  of  high  purity  single  crystals.  Various 

crystal  growth  techniques  have  evolved  for  this  system  including  modified 
12  3 t 

Bridgman  methods  * , vertical  zone  melting  * , solid  state  recrystallization 

5 6 1 B 

tion  , slush  recritstallization  , and  a number  of  epitaxial  techniques  ’ . 

The  goal  of  this  study  has  been  to  understand  the  physical  parameters  which 

affect  crystal  growth  in  solid  state  and  slush  recrystallization. 

Both  solid  state  and  slush  recrystallization  provide  high  quality 
single  crystals  but  each  method  has  its  own  advantages.  Solid  state  re- 
crystallization has  the  capability  of  providing  a high  yield  of  extremely 
homogeneous  material  whereas  slush  recrystallizatlon  has  a lower  yield  but 
more  versatility  In  providing  a wider  range  of  compositions.  In  section  H 
the  mechanisms  for  crystal  growth  of  the  two  methods  are  discussed- 
Material  pevparatlon.  Including  zone  purification  if  the  elements , is 
described  in  lice t i on  III.  Experimental  details  for  both  methods  of  crystal 
growth  are  discussed  lit  Section  TV.  In  Section  V the  quality  of  single 
crystals  grown  by  the  two  techniques  is  examined  by  riminn  of  X-ray  topography. 

CHAPTER  II 

THEORY  OK  CRYSTAL  UltUWTH 
A.  Solid  State  RecrvntaHzatl on 

Crystal  growth  of  HgCdTe  alloys  by  mentis  of  solid  suite  recryolal li ca- 
tion (S8R)  consists  of  the  rapid  quenching  ef  molten  alloys  followed  by  o 
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high  temperature  anneal  to  permit  grain  growth  . A rapid  quench  is 
necessary  to  lock  in  the  overall  compositional  uniformity  of  the  crystal. 

Figure  1 gives  the  T-x  projection  of  the  HgCdTe  pseudobinary  phase  dia- 
gram. In  normal  cooling  processes  the  liquid  to  solid  transformation  takes 
place  too  rapidly  for  equilibrium  conditions  to  he  met  (solid  state  diffusion 
is  too  slow).  Compositional  gradients  are  set  up  in  the  liquid  and  solid  due 
to  rejection  of  HgTe  from  the  solid-liquid  interface  during  solidification. 

These  gradients  can  be  extensive  due  to  the  wide  separation  between  the  llquidus 
and  solidus  lines,  and  make  growth  of  homogeneous  alloys  difficult. 

Consider  a molten  alloy  with  a composition  of  x = b which  has  been  heated 
to  a point  above  the  liquidus  line  as  shown  in  Figure  1.  As  the  alloy  is  cooled 
the  temperature  drops  until  the  liquidus  line  is  met.  At  T^  solidification  be- 
gins witti  the  freezing  out  of  alloy  with  a composition  of  < « a,  and  the  liquid 
at  the  solid-liquid  interface  becomes  enriched  with  HgTe.  Since  there  is  no 
time  for  homcganizntion  the  next  solid  to  freeze  at  a slightly  lower  tempera- 
ture la  richer  in  HgTe  than  the  first  because  the  liquid  from  which  it  freezes 
is  richer  in  HgTe.  The  average  composition  of  solidified  alloy  now  lies  between 
the  initial  solid  composition  and  that  Just  deposited.  This  process  continues 
with  the  solidification  of  alloys  richer  and  richer  in  HgTe  until  the  average 
composition  of  the  solidified  alloy  becomes  b,  the  same  as  the  initial  com- 
position of  the  molten  alloy.  The  solidification  proceeds  to  s temperature 
below  TB  as  shown  In  Figure  1 where  a non-equilibrium  solidus  line  has  been 
schematically  drawn  to  represent  this  freezing  process.  This  result  is 
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known  as  coring^  (or  microsegragation)  since  the  center  of  the  solidified 
grains  consists  of  high  melting  alloys  surrounded  by  a low  melting,  last  to 
solidify  shell.  The  extent  of  compositional  variation  between  the  center  of 
the  grain  and  its  boundaries  depends  upon  the  rate  of  freezing  and  the  separa- 
tion between  the  solidus  and  liquidus  lines.  The  more  rapidly  the  alloy  is 
cooled  the  larger  the  compositional  variation  within  the  solidified  grain. 

The  lattice' constants  for  HgTa  and  CdTe  are  nearly  the  same  allowing  for 
large  compositional  variations  to  be  accommodated  within  a grain.  At  first 
this  seems  contradictory  to  the  statement  that  a fast  quench  locks  in  the 
compositional  uniformity  of  the  crystal,  but  the  answer  is  that  with  a rapid 
quench  the  grain  size  is  limited.  Thus  a rapid  quench  limits  the  spatial  com- 
positional variation  and  enables  solid  state  diffusion  to  equilibrate  the 
system  during  the  high  temperature  anneal. 

’ A rapid  quench  is  also  necessary  to  provide  a fine  grained  matrix  suit- 
able for  the  reerystallization  process.  Recrystallization  and  grain  growth 

12,13 

processes  have  been  studied  in  metals  for  many  years  , hut  only  recently 
have  they  been  applied  to  semiconducting  alloys  drain  growth  occurs  at 
temperatures  greater  than  half  of  the  absolute  melting  point  where  atomic 
mobility  is  sufficient  to  allow  some  grains  to  grow  at  the  expense  of  others. 
The  driving  force  for  grain  growth  ir>  the  decrease  in  free  energy  associated 
with  the  total  decrease  in  grain  boundary  area.  Recrystalllzation  is  the 
nucleation  of  new  equiaxed  grains  within  a deformed  matrix.  Recrystallizn- 
tion  In  metals  takes  place  at  relatively  low  temperatures,  usually  below  half 
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of  the  absolute  melting  point.  The  driving  force  for  reerystallization 
is  the  lowering  of  the  internal  free  energy  stored  in  the  lattice  during 
some  prior  deformation  of  the  lattice.  There  are  a number  of  experimental 
laws  governing  reerystallization  and  these  are  given  in  Table  VI. 

Reerystallization  can  be  used  to  obtain  large  single  crystals  of  an  alloy. 
Referring  to  Table  VI  we  note  that  there  is  a certain  critical  deformation 
necessary  for  the  onset  of  reerystallization.  At  this  critical  strain  only 
a few  new  grains  are  forraed,and  if  the  ingot  is  then  heated  slowly  or  passed 
through  a steep  temperature  gradient  one  of  these  new  grains  will  consume  the 
other  before  they  grow  to  any  extent . This  method  is  known  as  the  strain- 
anneal  method.  Large  single  crystals  may  also  be  formed  by  a process  known 
os  secondary  reerystallization  or  exaggerated  grain  growth.  After  primary 
reerystallization  has  been  completed  grain  growth  occurs  to  minimize  the  grain 
boundary  energy  associated  with  a polycrystalline  matrix.  Wien  some  factor 
inhibits  normal  grain  growth  so  that  a few  grains  grow  very  large  at  the  ex- 
pense of  others,  exaggerated  grain  growth  is  said  to  occur.  The  inhibition  of 
normal  grain  growth  by  the  presence  of  a dispersed  second  phase  material  has 
been  attributed  to  single  crystal  growth  of  HgCdTe  by  means  of  solid  state 
recrystallizution ^ . Tlius  single  crystal  growth  by  meuns  of  solid  state  re- 
crystallization encompasses  three  distinct  processes:  grain  gi-.wth,  struin- 

annoal,  and  exaggerated  grain  growth. 
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B Liquid  Mass  Transport  or  Slush  Recrvst-lllization. 


£ 

Crystal  growth  by  means  of  liquid  mass  transport  (LMT)  involves  the 
quenching  of  a molten  HgCdTe  alloy  to  a position  within  a temperature  gradient 
such  that  the  bottom  portion  of  the  alloy  is  frozen  but  the  top  part  remains 
molten.  The  ampoule  is  then  left  in  this  position  and  after  a period  of  time 
a high  quality  single  crystal  is  found  to  form  in  the  slush  region.  In  order 
to  determine  the  mechanism  for  crystal  growth  we  need  to  examine  the  schematic 
T-x  phase  diagram  for  the  HgCdTe  system  as  shown  in  Figure  1.  Consider  a 
HgCdTe  alloy  with  a composition  x - b which  has  been  heated  to  a point  above 
the  liquidus  line.  When  the  ingot  is  quenched  into  its  crystal  growing 
position  the  top. port ion  of  the  ingot  with  T>T^  will  contain  molten  alloy 
with  a composition  x * b.  In  the  bottom  part  of  the  ampoule  where  T<T^  the 

alloy  will  freeze  with  an  average  composition  x e b.  In  the  slush  region  where 

the  temperature  varies  from  the  solidus  (T^)  to  the  liquidus  (T^)  there  is  a 
two  phase  mixture  with  an  average  composition  of  x 2 b.  In  -rdcr  to  determine 
the  actual  composition  of  the  phases  in  equilibrium  nt  any  temperature  within 
the  slush  region  a tie  line  (a  line  drown  parallel  to  the  comuosit ion  axis) 
is  drawn  to  the  boundarieo  of  the  two  phase  region  and  the  compositions  at 
the  points  of  intersection  are  read.  The  relative  amounts  of  each  phase 
at  a given  temperature  in  determined  by  the  lever  rule 

At  the  oolid-slunh  interface  (?  = T^)  the  slush  is  a mix'. art  of  solid 
phase  with  x - b and  liquid  phase  with  x c b as  shown  by  : he  ti«  tlm*  labeled 

mn  in  Figure  1.  According  t.*»  the  lever  rule  the  slush  at  *r  consists  almost 


entirely  of  the  solid  phase.  At  the  slush-liquid  interface  (T  - ;f.)  the  slush 
is  a mixture  of  liquid  phase  with  x - b and  solid  phase  with  x = a as  shown 
by  tie  line  op,  and  by  the  lever  rule  the  clash  consists  ulmost  entirely  of 
the  liquid  phase.  Hence  as  the  temperature  varies  from  to  the  compos i tier 
of  the  liquid  phase  varies  from  c to  b whereas  the  composition  of  the  solid 
phase  varies  from  b to  a.  Equilibrium  exists  when  a system  shows  no  pro- 
pensity for  change.  Temperature  and  pressure  must  be  constant  and  the  com- 
position must  be  uniform  within  -m-h  of  the  phases  present,  introducing 
the  chemical  potential  which  is  related  to  the  effective  coneer.trai  ioi.  of 
a component  ( hgTe  or  CdTc ) iu  a given  phase,  equilibrium  is  established 
when  the  chemical  potentials  of  each  component  are  equal  it:  ail  phases,  fim-.e 
the  temperature  grviiu'fc  f*u oca  Vm  composition  i.P  ih--*  phases  to  vary  thrr'f.n- 
out  the  slush  region  there  wit]  be  chemical  potential  f.rn  ii»  nto  isn.  j. 

These  chemical  potential  gradients  are  the  dri/Jnr,  fore*-  r • r slush  r-'-ryst'il' 
li?maou.  Set  cl  i component.,  iutTc*  and  OU'l'e , intcrdlffus'1  through  the  si  usd: 
region  to  establish  equilibr Jui".  Th**  CdTe  component  diffuses  ’’rem  * h • .••ush- 
liquid  interface  to  tlu*  m.lid-siuch  interface  whereas  tho  h^?-.  component  gees 
In  the  ot.-p-V.i  i A Jirr  ticn.  il”  CVTi.  o»  . »■'  f.o  .Jurh  ,-.l  Uv  it.  ■ ■./  » 

solid-slush  interface  increases  lu/^iM^Te  alloy  with  x>b  free -/.vs  out  cf  ur 
in  this  way  crystal  growth  occurs  and  t.he  growing  it»Ufvfuo«?  muvi.v.  op  through 
the  slush  region  until  u composition  of  x««  if.  teavheu. 


CHAPTER  III 


MATERIAL  PREPARATION 

Preparation  of  high  quality  single  crystal  HdCdTe  is  directly  related  to 

the  initial  purity  of  the  starting  material;  The  material  currently  being 
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used  in  this  study  has  been  purchased  from  Cominco  . The  tellurium  and 
cadmium  is  designated  69  grade-double  zone  refined  and  the  mercury  is  their 
standard  69  grade  material.  Typical  impurity  analysis  as  supplied  by  Cominco 
is  given  in  Table  I.  The  mercury  is  used  in  the  as-received  state  but  the 
tellurium  * and  cadmium  are  further  purified  by  means  of  zone  refining. 

The  zone  purification  of  tellurium  has  been  described  by  many  researchers 
The  effective  distribution  coefficients  for  impurities  in  tellurium  vary  depending 
on  the  experimental  arrangement,  but  in  general  seem  to  be  such  as  to  make  zone 
refining  an  efficient  means  of  purification.  Movlanov^'1^  has  found  the  distri- 
bution coefficients  for  Se  and  Hg  impurities  to  be  O.J>6  and  0.11  respectively. 

1 0 

Krapukhin  ” found  that  Cv  and  Ag  have  values  of  0.0095  and  0.022  respectively. 
19  20 

Krapukhin  * also  observed  an  increase  in  the  effectiveness  for  zone  re- 
fining the  following  impurities:  Cv,  Ag,  Pd,  Mn,  Si,  Fe  and  Bi  when  an  electric 

21 

field  in  the  direction  of  growth  was  applied.  Kujava  ' has  found  that  if  many 
impurities  were  present  the  one  with  the  greatest  concentration  influences  the 
segragation  of  the  other  impurities  due  to  the  formation  of  multicomponent 
systems.  An  analysis  of  the  cadmium- impurity  phase  diagrams  indicates  that 

most  impurities  present  will  be  effectively  zone  refined,  only  those  elements 
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which  ur«  plose  neighbors  to  cadmium  in  the  periodic  table  cause  trouble 

A partial  listing  of  distribution  coefficients  in  tellurium  and  cadmium  is 
23 

reproduced  in  Table  II  . As  can  be  seen  there  is  some  disagreement  with  the 
values  for  some  impurities  as  given  above. 
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The  experimental  apparatus  for  the  zone  refining  of  tellurium  and  cadmium 
is  shown  schematically  in  Figure  2.  The  basic  features  are:  (a)  hydrogen 

purification  system,  (fc)  multiple  resistance  zone  heaters,  (c)  a mechanical 
drive  which  produces  motion  of  the  zone  heater  assembly  by  means  of  a lead 
screw,  and  (d)  a completely  enclosed  system,  pomitting  operation  at  a slight 
over -pressure? 

The  hydrogen  purifier*^  provides  a source  of  dry,  ultra-pure  hydrogen 
by  selective  diffusion  through  a palladium-silver  alloy  membrane.  There  ire 
a number  of  reasons  for  choosing  hydrogen  over  some  inert  gas.  The  flow  -»f 
hydrogen  over  the  tellurium  or  cadmium  provides  a reducing  atmosphere  which 
helps  remove  any  oxide  films  present.  The  removal  of  selenium  impurities 

from  tellurium  ingots  has  been  enhanced  in  a hydrogen  atmosphere  perhaps  dut 
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to  the  formation  of  hydrogen  selenide  . The  flow  of*  hydrogen,  down  r.ho  v’.u i Jt 
tube  also  tends  to  prevent  volatile  impurities  from  ieposUiug.  buck  on  the 
purifier  ingot.  The  hydrogen  purifies  io  capable  of  providing  a flow  of 
150  ml/rain.,  however  the  apparatus  is  typically  operated  at  an  overpressure  cl' 
1.1  to  1.2  atmospheres  to  prevent  any  seepage  of  air  into  the  system.  Tin- 
ultrapure  hydrogen  flows  from  the  purifier  into  the  quart/,  guide  tube  and 
then  exits  into  a series  of  filters  packed  with  blasts  wool.  The  fillers  en- 
able any  tellurium  or  cudmlum  vapor  to  cool  and  condense.  The  hydrogen  in 
ignited  and  burned  off  at  the  outlet  side  of  the  system. 

The  heater  assembly  consists  of  coils  of  Kanthal  resistance  win*  ini 
can  maintain  molten  zones  with  widths  of  on*'  cen<  liselor.  The  assembly  \u 
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mounted  on  a screw  drive  permitting  travel  rates  varying  from  0.5  cm/hr  to 
10  cm/hr.  The  element  to  be  purified  is  loaded  into  quartz  boats  which  have 
a disoeter  of  22  mm.  Typical  ingot  lengths  are  30  cm  giving  a value  of  30  for 
the  ratio  of  ingot  length  to  molten  zone  width.  The  solid-liquid  interface 
is  nearly  perpendicular  to  the  direction  of  travel  for  a two  centimeter  wide 
molten  zone  but  as  the  zone  is  made  smaller  more  curvature  in  the  interface 
is  introduced.  It  was  extremely  difficult  to  maintain  stable  zone  lengths  when 
cadmium  was  zone  refined  due  to  its  higher  thermal  conductivity.  When  zone- 
refining  tellurium  three  passes  would  be  done  at  the  rate  of  3 cn/hr  i allowed 
by  a slow  pass  at  1 cm/hr.  This  cycle  was  repeated  until  ^0  tc  60  passes  hau 
been  performed. 

V/hcreas  the  zone  refining  of  tellurium  was  relatively  easy,  cadmium  pre- 
sented two  problems:  Us  high  affinity  for  oxygen  and  its  good  thermal  con- 

ductivity. The  problem  with  the  thermal  conductivity  has  already  been  mentioned 
and  presents  a practical  problem  of  programming  the  amount  of  power  delivered  to 
the  molten  zones.  The  first  problem  was  much  more  difficult  since  ve  want  to 
remove  any  oxide  films  before  further  processing.  With  tellurium  any  oxide 
film  on  the  surface  of  the  ingot  would  be  removed  to  the  butt  end  of  the  Ingct 
by  the  zone  refining  process  within  a few  passes.  With  cadmium  the  oxide 
layer  was  thicker  and  much  more  difficult  to  remove.  The  rMo  layer,  unlike 
TeOg,  would  not  be  zone  refined  tc  the  butt  end  of  the  ingot  . 

Recently  a scale  for  the  oxygen  affinity  of  facials  has  been  proposed  based 
on  the  negative  logarithm  of  tl  oxygen  pressure  in  equilibrium  with  the  metal 
and  its  oxide  ut  1000°K  . This  scale  is  reproduced  in  Tahir-  Ml. 


According  to  this  scale  of  the  three-  constituents  of  UgCti’Ve  alloys,  cadmium  has 
the  greatest  affinity  for  oxygen.  The  oxide  layer  causes  tvo  problems,  first 
CdO  vets  quartz  surfaces  and  consequently  as  the  cadmium  ingot  cools  the 
quartz  boats  crack  due  to  the  different  contractions,  oscondiy  the  CdG  layer 
may  bind  up  impurities  thereby  posing  as  a source  of  contamination  for  the 
purified  ingot. 

Tvo  methods  have  been  devised  for  the  removal  of  a CdO  layer.  The  first- 
technique  is  similar  to  decanting  in  that  it  mokes  use  of  the  different  d«-rj** 
sities  between  cadmium  and  CdO.  The  cadmium  ingot  is  lightly  etched  in  a 
solution  of  20 % HNO.^  ana  6o£  methanol  followed  by  a rinse  wiMs  methanol.  Care 
must  be  taken  in  etching  the  cadmium  so  as  not  to  further  oxidize  the  surface. 

The  ingot  Is  then  piaoed  in  a narrow  quartz  tube,  evacuated,  and  then 
d'Uiie-1  off.  The  in  heated  *»l  lowing  the  emunium  ic  rn.-u  -and  t.n*  CMC 

being  lighter  than  the  cadmium  floats  t.o  th*  top  ■».**  the  ampoule.  The  ingot  i- 
cooled  and  the  t«-p  portion  oynluining  the  Cdo* removed  with  a 'urbtrvin.no.  nuv. 
fliic  process  twty  he  replete!  to  r'wc  v<-  wont  „f  the  diiisci  vi  C'U*. 

The  nrcond  technique*  for  re-mo  vn!  of  u Ctif'  l«iy*-r  vn * - rwduce  the  *A;o 
ir.  u reducing  uim 'rphf*«*.  Th*  cadmium  war  pr«*pure*d  for  ?,*■•«.>  refining  hut 
i»rl-u  to  beginning,  the  “nitre  ingot  van  mrltr-d  and  til  l owe  j U*  it;  thv 
hydrogen  utnu,tph'*ri: . tu  i'*i*%is*v  * *hc  rut**  of  reluct  io:.  •*“  Ido  by  *!.,  i ^ 
tv  vm  *k  !i  i*u»  «.«*  MM  ttsij.i’nifur*-.  At  the  t ir  i n.-*v  , 

thf*  r«t<*  nf  r<’duoM*  n incr *•*«!»•  t hut  :)»neo  cahutu*.  I r j tithe**  v.-;V- !-• 

: V**  tunounf:*  of  eadinlu.**  » . i h*u?  r;**-n  th»-  me.;.  ;\bi«-  \ \ ■).' 

H *»  mid  #M(J  lie  fairly  cj-u*:  *■  • »;o  an*»ihvr  --a  the  oxygen  .n.*u;c  which  it-i 

thut  hydrogen  in  not  * h<*  mo«L  vi'ficient  reducing  ugcni  y.  »M  *.  l-.»i*Ie  -'Aid* 

, J*  f{  } 4t*\vy  pr<V  i h-  a tti«»r«*  <' f f i c i ei;t.  mounts  v-f  4i  ,-ts.il  * J.g  t'.r  "M»'>  layer  n 1 hungi. 
UM:*  1 s*  r.jt  ht-vt-  ti  i<  -1  in  in*-  ,d;  . 
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CHAPTER  IV 


I 


GROWTH  OF  SINGLE  CRYSTAL  KgCdTe 

A.  Solid  State  Recrystallization.. 

Solid  state  recrystallization  is  a two  step  process  consisting  of  a com- 
pound! ng-quench  step  and  a high  temperature  anneal.  To  prepare  for  the  first 
step  the  purified  elements  are  weighed  to  the  nearest  0.1  mg.  in  the  proper 
proportions  using  a Met tier  micro balance.  The  cadmium  is  cut  with  a carborum- 
dum  saw,  removing  all  the  old  surfaces,  so  that  there  is  no  oxide  on  any  sur- 
face. Prior  to  weighing  the  cadmium  is  lightly  etched  in  a 20#  HNO^  and  80# 
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methanol  solution  and  is  rinsed  in  methanol.  The  tellurium  pieces  arc 
cleaved  from  the  zone  refined  bur  and  are  uned  without  any  chemical  etching 
of  the  surfaces . The  mercury  in  used  in  the  as-received  state.  The  ultra* 
pure  elements  are  handled  with  pre~<*.l  caned  teflon  tweezers  and  Leakers  and  care 
is  taken  to  avoid  any  contamination  from  the  environment. 

The  veighed-out  elements  are  placed  in  pro-cleaned  and  dried  quantz 
ampoules.  The  ampoules  are  cleaned  by  a rinse  with  u solvent  followed  by 
washing  with  a detergent  solution.  The  ampoules  are  thoroughly  rinsed  and 
then  etched  with  white  otch,  a mixture  of  MNO^  and  HF  in  the  proportion  of 
3:1.  A final  rinse  with  do  ion ized-di stilled  water  completes  the  quartz  pre- 
paration. The  quartz  used  has  been  purchased  from  Amors i i Quartz,  Inc. 

For  fabrication  «.  f reaction  ampoules  the  quartz  tubing  has  an  inner  diameter 
of  8 ram  and  a vail  thickness  of  3mm.  Ismail  diameters  and  thick  walls  uru 
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required  to  contain  the  high  mercury  vapor  pressure  encountered  at  the  com- 
pounding temperature.  The  P-T  phase  diagram  of  Fighre  U shows  that,  for 
HgCdTe  alloys  with  x = 0.20  pressures  in  the  range  of  15-30  atmospheres  may 
be  encountered.  The  high  vapor  pressure  of  mercury  also  causes  mercury  to 
be  lost  from  the  melt  as  the  . .poule  is  heated.  In  order  to  support  the 
vapor  pressure  of  mercury  and  maintain  a stoichiometric  melt  a little  excess 
mercury  is  added  to  the  ampoule  prior  to  sealing-off.  The  amount  of  excess 
mercury  to  be  added  is  calculated  assuming  the  ideal  gas  law  to  be  valid. 

The  volume  used  in  the  calculation  is  the  void  volume  in  the  sealed-off 
ampoule.  Typically,  150  mg  of  mercury  is  added  to  maintain  a pressure  of 
20  atmospheres  over  the  melt. 

Once  loaded  the  ampoules  are  evacuated  usin g an  oil  diffusAoii  pump  wild, 
a liquid  nitrogen  cold-trap  and  soul «d -off  with  hydrogen-oxygon  torch. 

Typical  reaction  ingots  weigh  20  gi u and  are  no  longer  than  C cm.  Ampoule 
lengths  arc  10-12  emu  and  hence  have  a void  length  of  about  5 cm. 

The  temperature  profile  for  the  rend  ion  oven  is  given  in  Figure  5 

and  is  basically  isothermal.  A erosH-ucotton  of  the  oven  showing  the  pd'Hlcn 

of  i he  reaction  umpvu.U;  la  shown  in  Figure  0.  At  one  end  of  the  oven  there  la 

a 1 /h  inch  diameter  quurli  tube  which  allows  a stream  of  nitrogen  gnti  to  enter 
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the  oven  and  rapidly  cool  the  ampoule  . The  ampoule  in  centered  In  the  oven 
and  positioned  about  1-2  cm  from  this  tube.  The  top  half  of  the  ampoule 
{the  void  space)  Is  wrapped  with  two  layers  **f  l/H:  inch  asbestos  tape  in 
order  to  insulate  it  from  the  gas  quench.  This  io  lone  to  prevent  t*'«p 


half  of  the  ampoule  from  cooling  more  rapidly  than  the  melt  during  the  quench. 
The  asbestos  prevents  the  sudden  drop  in  pressure  over  the  melt  which  would 
occur  if  the  mercury  vapor  was  able  to  condense  on  the  ampoule  walls.  The 
ampoule  is  centered  in  the  oven  by  means  of  three  pieces  of  thermocouple 
tubing  placed  concentrically  about  the  top  half  of  the  ampoule  as  shown  in 
Figure  6.  This  permits  the  free  flow  of  nitrogen  through  the  oven  during 
the  quench. 

Once  placed  in  their  proper  positions  witnin  the  reaction  furnace*  the 
ampoules  are  heated  at  a rate  of  20-50°  C/hr  to  a temperature  above  the 
liquidus.  For  compositions  in  20#  range  this  temperature  has  been  830°  C. 

The  exact  kinetics  of  the  reaction  forming  the  solid  solution  is  not  known, 
but  it  seems  that  it  proceeds  in  two  distinct  steps.  A heating  curve  for  a 
number  of  HgCdTc  reactions  has  been  obtained  by  a thermocouple  Jr.  close  con- 
tact with  the  quartz  ampoule.  As  the  ampoules  are  heated  the  temperatures  art- 
recorded.  Figure  7 shows  one  portion  of  the  heating  curve  obtained  for  a 
HgCd'i'o  reaction  as  well  as  »i  Hg'/.n'IV  react  Jon.  At  a tempera  turn  of  1*10°  C 
there  is  a sharp  endothermic  peak  followed  immediately  at  by  a sharp 

exothermic  peak.  The  endothermic  peak  In  related  to  the  formation  of  the 
To-llgTo  eutectic  which  has  an  eutectic  temperature  of  J*09  i 2“  C and  forms  at 
u composition  of  88#  atomic  percent  of  tellurium'^.  The  Mg -To  phase  diagram 
showing  the  eutectic  point  in  given  In  Figure  8.  The  exothermic  peak  re- 
presents the  reaction  forming  the  IlgCdTe  alloy.  The  liu'ot  i*  then  heated 
\ • » r.*y’e  In  50°C/hr  »teps  to  Insure  that,  there  are  rn*  liquid  pockets  within 
tht  ;a»lld  and  for  homogenl  /.tutor..  The  ampoule  in  rocked  through  an  angle 
>f  -5°  to  l»5°  with  the  lu/r i;'.ontul  for  u period  of  fiw  hours  before  quenching 
to  room  temperuture. 
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Perhaps  the  most  critical  step  in  the  whole  sequence  is  the  quench.  A 
rapid  quench  is  needed  to  lock  in  macroscopic  compositional  homogeneity 
and  provide  a suitable  matrix  for  recrystallization,  however  if  the  quench 
is  too  fast  there  is  extensive  damage  to  the  crystalline  structure.  The 
damage  is  caused  by  the  columnar  grain  structure  which  forms  during  solid- 
ification. As  the  alloy  cools  grains  nucleate  on  the  ampoule  walls  and 
then  grow  radially  inward.  The  resulting  contraction  of  material  away 
from  the  center  causes  the  damage  and  in  the  extreme  case  (water  quench) 
the  damage  is  so  extensive  that  a large  hole  forms  along  the  axis  of  the 
crystal  ("piping").  Any  extensive  damage  acts  like  a barrier  and  prevents 
grain  growth.  Hence  the  need  for  a rapid  quench  must  be  balanced  against 
the  damage  it  does. 

9 

The  nitrogen  gas  quench  developed  at  Texas  Instruments  provides  a 
quench  slow  enough  so  as  not  to  damage  the  crystal  structure  but  fast 
enough  to  insure  homogeneity.  The  cooling  curves  shown  in  Figure  9 were 
measured  by  placing  a thermocouple  in  the  center  of  a stainless  steel  plug 
(1.2  cm  diameter,  7.0  cm  in  length)  which  is  placed  in  the  same  position 
as  the  ampoule.  The  cooling  rates  given  for  the  flow  rates  of  5,  15 » 30,  ^5 
and  80  liters/min  are  for  comparitive  purposes  and  do  not  necessarily 
represent  the  cooling  rates  of  the  IlgCdTe  alloys.  During  the  quench  the 
mechanism  of  heat  removal  is  by  conduction  and  radiation  in  the  gaseous 
flow.  This  type  of  quench  is  relatively  slov  when  compared  to  a water 
quench  where  vaporization  of  the  water  removes  heat  quite  rapidly.  The 
cooling  rates  for  the  gas  quenched  varied  linearly  from  1°  C/s  to  8°  C/s 


as  the  flow  was  increased  from  5 £/min  to  80  £/min.  whereas  with  a water 
quench  a cooling  rate  of  70°  C/s  was  measured. 

A columnar  grain  structure  was  found  in  the  ingots  quenched  with 
higher  flow  rates.  This  type  of  structure  forms  because  grains  which  nucleate 
near  the  ampoule  walls  within  a certain  chill  layer  begin  to  grow  inwards  due 
to  heat  conduction  through  the  ampoule  walls.  Any  new  grains  formed  in  the 
liquid  are  consumed  by  the  advancing  interface.  In  Figure  10  a schematic 
drawing  of  a columnar  ingot  is  presented.  The  average  grain  size  depends 
on  the  quench  rate  as  shown  by  the  series  of  Hg^Cd^Te  ingots  in  Figure  11. 
These  ingots  were  quenched  at  rates  of  U,  5,  20  and  50  fc/mir..  The  ingot 
quenched  at  50  £/min  has  a columnar  grain  structure  and  the  grains  are 
typically  a few  mm  on  a side.  The  ingot  quenched  at  U 1/min  does  not  have 
a definite  columnar  structure  and  the  few  grains  present  are  fairly  large. 
Ingots  quenched  at  higher  flow  rates  have  smaller  grain  diameters  hut  piping 
damage  begins  to  occur.  The  optimal  quench  ranged  from  U0  tf win  t*.  ro  i/min 
ingot  size  and  furnace  arrangement  used  in  this  study. 

Once  properly  quenched  ingotn  have  been  obtained  the  second  slug*-  . f 
recryutallizution  consisting  of  the  gruin-growth  anneal  Is  carried  ■ . 

The  quenched  ingots  which  should  be  completely  free  in  the  reaction  sv\p.mle;. 

(no  oxide  adhering  to  walls)  are  removed  In  a clean  room  onv l room  ud  and  re- 
loaded in  lurgor  diameter  quartz  ampoules  (lOsisn  diameter,  '.i  ntn  wail  thieKner.u). 
Again  a small  amount  of  excess  mercury  is  placed  In  the  ampoule  tv  :;uj: 
the  partial  pressure  of  mercury  which  is  ir  equilibrium  with,  • >.«■  .tg  dir-  ailwy. 
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The  amount  of  excess  mercury  added  is  again  determined  by  assuming  that 
the  mercury  vapor  acts  like  an  ideal  gas  at  pressures  below  the  saturation 
value.  The  amount  of  mercury  added  is  a critical  parameter  since  the 
solidus  line  depends  upon  the  partial  pressure  of  mercury  as  shown  in 
Figure  U.  From  this  phase  diagram  it  can  be  seen  that  the  solidus  has 
considerable  curvature  at  partial  pressures  greater  than  20  atm.  and 
less  than  1.0  atm.  Note  also  that  there  is  a region  at  high  partial 
pressures  where  the  HgCdTe  ingots  have  a high  solubility  in  the  vapor 
phase.  This  dissolution  line  should  be  avoided  during  the  processing 
of  the  ingots.  Typical  partial  pressures  used  in  the  recrystallization 
anneal  have  been  in  the  range  of  20  to  25  atms. 

After  transferring  the  quenched  ingots  to  larger  ampoules  and  adding 
excess  Kg  the  ingots  are  ready  for  recrystallization.  For  this  anneal  the 
ampoules  are  placed  in  a vertical  furnace  which  has  been  pre-heat cd  to 
the  anneal  temperature.  A copper  pipe  is  placed  within  the  furnace  to 
insure  an  isothermal  profile.  A vertical  furnace  facilitates  the  separa- 
tion (a  quartz  spacer  is  used)  of  the  ingot  and  the  liquid  mercury  there- 
by preventing  alloying  during  the  initial  heating  of  the  ingot.  For  ingots 
with  compositions  of  21  percent  the  optimal  anneal  temperature  is  690°C  t c*°C 
vith  partial  pressures  in  the  20  atm.  range.  At  this  temperature  and  pressure 
sufficient  grain  growth  takes  place  in  two  weeks.  Figure  1%  and  Table  IV 
represents  a summary  of  most  of  the  crystals  grown  by  this  method  in  this 
study.  Kaeh  point  in  Figure  12  represents  an  ingot  quenched  at  a given 
rate  (see  'fable  IV  for  the  quench  rate)  and  then  recryst .all l zed  for  two 
weeks  or  more  at  the  temperature  and  pressure  shown.  Circled  data  points  are 


those  crystals  with  fewer  than  four  grains  after  the  anneal,  the  other  points 

may  have  undergone  some  recrystallization  but  in  general  were  polycrystalline. 

12 

From  Figure  it  is  clear  that  optimum  conditions  occurred  in  a narrow  band 
of  temperatures  and  pressures.  Temperatures  fluctuated  somewhat  during  the 
anneal  due  to  a lack  of  precise  temperature  control  (±  3°C)  and  pressure 
values  may  be  off  due  to  inaccuracies  in  determining  the  void  volume. 

After  the  grain  growth  period  the  crystals  are  removed  from  the  furnace 
and  allowed  to  cool  to  room  temperature.  ,In  Figures  13 » 1^  and  15  different 
recrystallized  ingots  with  quality  ranging  from  good  to  poor  are  shown.  The 
quench  and  recrystallization  parameters  for  these  crystals  have  been  taken 
from  Table  IV  and  are  summarized  in  Table  V.  In  Figure  13  two  ingots, 

SSR30  and  SSR51»  exhibiting  good  single  crystal  quality  are  shown.  The 
ingots  have  been  cut.  down  the  center  with  a string  saw  (some  saw  marks  are 
visible  in  some  of  the  pictures)  to  reveal  only  large  angle  grain  boundaries. 
Doth  crystals  in  Figure  13  are  almost  entirely  single  with  only  small  regions 
of  different  orientation.  In  Figure  lb  the  two  ingots  presented,  SSR33  and 
again  show  good  single  regions  but  there  now  is  a lacy  network  of 

i 

holes  starting  at  the  top  of  the  ingot  and  running  down  the  center  of  the 
ingot.  This  dumage  will  later  be  shown  to  extend  into  the  regions  which 
appear  good  in  the  photograph  and  is  caused  by  "piping".  Comparing  the 
ingots  in  Figure  13  with  those  in  Figure  we  see  that  the  recryataH  i zution 
parameters  are  nearly  the  same,  all  four  ingots  were  annealed  at  the  tempera- 
ture of  690°C  with  u partial  pressure  or  mercury  of  20  a tins . The  difference 
between  them  is  in  the  quench  rate  where  the  first  set  of  Ingots  was  quenched 
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at  a rate  of  b0-50  l/min  whereas  the  second  set  was  quenched  at  a rate  of 
70-75  i/min.  It  was  found  that  a quench  of  50  2 /min  was  as  rapid  a quench  as 
possible  without  incurring  some  damage  along  the  center  line.  This  damage 
does  not  impede  the  recrystallization  of  the  rest  of  the  ingot  although  it 
will  he  shown  in  the  topograph  section  that  damage  runs  the  length  of  the 
ingot . 

Whereas  the  type  of  damage  seen  in  Figure  1^  is  due  to  improper  quench- 
ing that  seen  in  Figure  15  is  due  to  improper  recrystallizationv  The  ingots 
shown  in  Figure  15»  SSR^3  and  SSRhU,  exhibit  little  or  no  grain  growth  and 
the  damage  lies  along  the  grain  boundaries.  From  Table  V it  is  evident 
that  the  damage  is  not  due  to  the  quench  since  these  ingots  had  the  slowed 
quench  of  all  the  ingots.  The  recrystallization  temperatures  are  no  higher 
than  the  previous  ingots  but  the  mercury  over-pressures  are  much  higher  - The 
damage  is  caused  by  the  high  pressure  in  combination  with  the  anneal  tempera- 
ture. As  soon  in  Figure  t there  is  considerable  curvature  of  the  solidus 
line  towards  lover  temperatures  as  the  pressure  is  increased . f.inee  re- 
crystoll izat ton  depends  upon  anneal:]  at  temperatures  vucy  to  Us* 

solidus , this  lowering  of  th-'  notions  at  high  rr.ereury  pressure  is  oneupj. 
to  produce  localized  melting  of  the  ingot  along  th*-  grain  boundaries. 

The  localized  molting  would  take  place  at  the  grain  boundaries  because 
thin  is  whore  the  lowest,  moitiu*  a!  ley  solidifies  during  ? li««  ’'reusing 
process  (micro- segment  t'e*  or  .*•  ring).  Thus  for  and  V.  with 

over-pressures  of  10  aim.  and  1»0  atm.  the  anneal.  temp**rfitu **«>•;  of  t>&5°C 
and  o70°0  were  too  high  and  malting  occurred  ni  the  grain  toua-larios. 


This  damage  occurs  before  any  grain  growth  takes  place  isolating  the  grain 
and  preventing  any  further  recrystallization.  Best  results  for  r ©crystal- 
lization were  obtained  when  the  solidus  was  approached  but  not  exceeded. 

For  20  percent  alloys  anneal  temperatures  of  690°C  and  over-pressures  of 
20  atm.  have  worked  well. 

B plush  Recrystallizaticn, 

Slush  recrystallization  proceeds  in  three  steps:  reaction  of  the 

elements  to  form  a HgCdTe  alloy,  a quench  from  the  liquid  phase  to  a point 
where  the  solid  and  liquid  phases  are  present  simultaneously,  and  finally 
an  anneal  period  to  allow  crystal  growth  to  take  place.  Unlike  solid 
state  recrystallization  all  three  steps  take  place  within  the  same  ampoule. 
As  discussed  in  the  theory  section  the  initial  composition  of  the  charge  in 
smaller  by  a factor  of  about  three  from  the  final  composition.  Figure  .)*> 
shows  the  relationship  between  the  nominal  initial  liquid  iomp  >rit ion  and 
the  peak  composition  in  the  roe vy stall  ivu'd  slush  region. 

Preparation  for  slush  r eery stall. I sat Ion  procools  similarly  !o  that 
wild  state  reeryataLl izatlon  except  for  the  IJfferonce  in  Initial  ecu- 
pesU  ious  for  the  r.»uno  final  composition.  .Mr.ee  a .longi*  u<.t?>  a!  •'Mnpo’ji- 
l tonal  gradient  is  inherent  ir:  thin  method  of  crystal  growth*  quart?,  tulii:.- 
wlth  ft  a large  « diameter  na  noasible  It*  used  ( [ A mm  X ri  mm).  Also  shvi 
an  Important  consideration  In  slush  rerrym.nl  U nation  is  O.n*  * he  ve  lum'  s 
of  the  liquid  portion  W*  much  larger  than  that  of  Ui«-  'ilu.u;  v r.iv.n*  *.h«- 
typical  charge  is  quite  ; a!V" * about  1U0  < . Once  ];*«dwi  tie*  snpoul*  i ‘ 
evacuated,  sculcd-off  and  placed  in  a vi.»rM  *al  oven  whoiv*  l ’ i •*  slowly  t» 


to  a point  above  the  liquidus.  After  homogenization  for  4-5  hours  the 
ampoule  is  lowered  quickly  through  a temperature  gradient  of  10°C/cm,  see 
Figure  IT,  to  a position  where  the  bottom  inch  of  the  ingot  will  solidify. 
The  temperature  of  this  point  as  recorded  by  a thermocouple  attached  to  the 
outside  of  the  ampoule  is  650°C  for  a melt  composition  of  6-8  percent. 

Once  quenched  into  position  the  ampoule  anneals  in  the  temperature  gradient 
for  a period  of  30  to  45  days  to  allow  for  compositional  diffusion  and  the 
resulting  crystal  growth.  Since  the  layers  which  freeze  out  of  the  slush 
are  at  the  solidus  temperature,  subsequent  recrystallization  occurs. 

After  the  anneal  period  the  furnace  is  shut  off  and  the  ampoule  is 
allowed  to  cool  slowly.  The  crystal  is  then  cut  into  slices,  the  slush 
region  being  entirely  single  crystal.  After  the  peak  composition  slice 
is  reached  a pinkish  core  region  begins  to  develop  in  the  center  of  the 
slice,  Its  origin  is  not  known  although  it  may  be  CdTe  rich  material. 
Figure  18  shows  the  compositional  profile  along  an  ingot  and  Figure  19 
shows  the  composition,  as  determined  by  density  measurements,  of  succeed- 
ing slices  within  the  slush  region.  The  profile  of  IHr  10  with  an  extended 
range  of  useable  material  was  achieved  by  lowering  the  ampoule  an  additional 
0.5  cm  every  week  throughout  the  anneal  period. 

Of  the  two  methods  of  crystal  growth  slush  recrystallization  was  the 
easier  to  use.  In  slush  recrystallization  there  seems  to  be  no  critical 
parameters,  everything  works  as  it  should.  Once  a temperature  gradient 
across  a slush  region  has  been  established  crystal  growth  occurs  readily. 

The  ease  in  growing  single  crystal  HgCdTe  and  its  ability  to  produce  alloys 
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in  the  range  of  h 0-50  percent  CdTe  are  the  chief  advantages  of  slush 
recrystallization.  However  this  method  has  a drawback  in  that  only  about 
20%  of  the  ingot  is  useable  and  only  a few  slices  at  any  specific  composi- 
tion. Solid  state  recrystallization  has  many  critical  parameters  but 
once  mastered  produces  large  quantities  of  homogeneous  single  crystals. 
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CHAPTER  V 


TOPOGRAPHICAL  ANALYSIS 

X-ray  diffraction  topography  is  an  extremely  powerful  tool  for  in- 
vestigating lattice  defects  and  crystalline  quality  in  semiconducting 

20  20  oq  * 

crystals  ’ ’ . Of  the  many  different  methods  the  Berg-Barret  technique 

(B-B)  has  been  chosen  for  the  practical  advantage  of  its  simplicity^. 

32  33  33 

B-B  camera  designs  and  experimental  techniques  have  been  des- 

cribed previously  but  the  methods  employed  here  will  be  described  below. 

The  technique  consists  of  mounting  the  crystal  within  a roughly 
collimated  X-ray  beam  at  the  proper  Bragg  angle  so  that  a given  set  of 
planes  will  diffract  the  characteristic  radiation  of  the  source  onto  a 
photographic  emulsion,  Figure  20.  For  the  present  experiments  a standard 
CA-7  diffracting  tube  was  used  with  the  sample  placed  about  25  cm  from  the 
target  at  a take  off  angle  of  about  7 deg.  Since  the  area  of  the  sample 
surface  which  will  reflect  a given  wavelength  depends  directly  on  the 
projected  horizontal  length  of  the  X-ray  target,  the  front  port  of  the 
diffracting  tube  was  used  giving  a horizontal  length  of  1 cm.  A BIIbIi 
topograph  camera3  was  purchased  to  provide  the  goniometer  needed  to 
adjust  the  Bragg  angle,  collimator  silts  for  limiting  unused  portions 
of  the  X-ray  beam,  and  a film  cassette  to  hold  the  photographic  plate. 

The  X-ray  tube  and  camera  are  enclosed  in  an  1/8  in  lead  box  topped  with 
an  equivalent  thickness  of  leaded  glass  for  operator  safety.  Adjust- 
ments are  made  through  slits  in  the  load  box.  A fluorescent  screen  is 
used  in  place  of  the  film  to  initially  adjust  the  Bragg  angle  so  that 
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the  Ka  radiation  is  diffracted  from  a set  of  Dianes.  Once  a suitable  spot 
is  chosen  the  fluorescant  screen  is  replaced  with  the  photographic  emulsion. 

37 

The  film  used  in  this  study  has  been  Kodak  Industrex  (single  coated) 
which  is  an  ultra  fine  grain  X-ray  film.  This  film  is  about  50  times 
faster  than  high  resolution  places  and  can  provide  maximum  enlargements 
of  about  35  diameters,  furt.ieni.ore  the  processing  is  simple  and  quick. 

With  this  film  exposure  times  of  10  rain,  are  typical.  Since  the  topograph 
is  a point-to-point  mapping  of  the  reflectivity  of  the  surface  onto  the 
X-ray  film  the  resolution  depends  chiefly  on  the  sample  to  film  distance 
and  should  be  minimized.  Image  contrast  is  determined  mainly  by  misorienta- 
tion  of  low  angle  subgrains  within  the  crystal  and  inhomogeneous  lattice 
strain  resulting  in  a reduction  of  primary  X-ray  extinction. 

Crystals  produced  by  both  techniques  have  been  examined  by  means  of 
topography.  Figures  21  and  22  are  topographs  taken  of  two  different  crystals 
grown  by  moans  of  slush  recryatuUization.  both  topographs  show  a radial 
pattern  of  low  angle  grain  boundaries.  The  difference  In  orientation  between 
adjacent  grains  is  .extremely  small  otherwise  the  Bragg  condition  would  not 
be  satisfied.  The  radial  distribution  may  be  duo  to  the  fact  that  in  slush 
recrystallization  the  crystal  fills  the  ampoule.  As  the  ampoule  cools  strain 
may  be  introduced  into  the  crystals,  the  radial  pattern  of  grain  boundaries 
then  would  be  generated  to  relieve  the  strain.  A second  possibility  has  to 
do  with  the  isotherms  running  through  the  ingot.  Constant  temperature  is  not 
maintained  across  the  ingot,  if  only  due  to  heat  conduction  from  the  liquid 
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alloy  resting  above  the  slush  region.  In  this  way  if  a out  was  made 
through  the  ingot  at  the  interface  of  crystal  growth,  instead  of  a uni- 
form layer  of  a given  composition  freezing  out  there  would  be  a ring  of 
single  crystal  but  the  core  would  be  slightly  hotter  and  remain  as  slush 
In  this  way  a clear  radial  pattern  of  low  angle  grain  boundaries  would 
develop.  If  this  is  true  the  composition  should  vary  from  the  out3ide 
edge  radially  inwards.  However  a composition  profile  of  a slice  taken 
by  examining  the  variation  in  absorption  edge  across  the  slice  shows  no 
radial  pattern,  Figure  23. 

Solid  state  recrystallization  ingots  have  been  cut  longitudinally 
and  topographs  taken  of  different  sections.  Figure  2U  has  a topograph 
of  a slice  of  SSR-3l<  cut  from  the  middle,  voll  below  the  visible  damage 
seen  In  Figure  1 . The  tepograuh  shows  good  crystalline  perfection,  but 
the  damage  duo  to  high  quench  rates  which  was  thought  to  be  localized  to 
the  too  centimeter  of  the  Ingot  extends  all  the  way  down  the  crystal. 

U1  ace  this  slice  Is  frog,  the  middle  of  the  crystal  this  damage  would 
tend  to  disappear  as  succeeding  slices  are  cut.  The  bands  of  light  and 
dark  may  be  strain  introduced  In  mounting,  the  slice.  Figures  23  and  26 
are  topographs  of  .1,11151  (sec  Figure  It).  From  the  topographs  It.  is  clear 
that  there  Is  little  damage  from  the  quench  and  only  the  auction  con- 
taining the  largo-angle  circular  grain  has  any  damage.  The  origin,  of 
thin  damage  is  not  known  and  may  either  be  due  to  processing  of  the 
slice  or  to  the  crystal  growth  Itaelf.  All  the  other  sections  rc-prc to1-: 
nearly  perfect  slices  of  KdCdlV. 
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Table  I 


Impurity 
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Table  II 

Distribution  CoexTicienfcs  oC  Impurities  in  Te  and  Cd 
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Table  III 
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Oxygen  Affinity  of  Metals" 
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13 

Taws  of  friasry  Recryst.ei’-irntion 


1)  A ir.ir.imua  deformation  it  r.eeesae.r y to  * nit  into  :‘-.cr\-i-,-"Ulzntion. 

2)  The  smallerthe  decree  of  deformation,  t:ie  hi.;he"  is  the  4"!mpc 
ature  required  to  initiate  rccrystall ! ration. 

3)  Increasing  the  annealing  time  decreases  the  temperature  required 
for  recryatulUzation. 

M The  final  grain  site  depends  chiefly  on  the  degree  of  dofo'-maiion 
and  to  a lesser  degree  upon  the  annealing  temperature , normally 
being  smaller  the  greater  the  degree  of  deformation  and  the  lower 
the  annealing  temperature. 

5)  The  larger  the  original  grain  pirn,  the  greater  the  amount  o' 

deformation  required  to  give  eq'iiva1'  :.t  lvrry* ir  1 ■>’  yer- 

nture  and  time. 

6)  New  grains  do  not  grow  Into  deformed  grnir.n  of  Identic  1 or 
slightly  deviating  orientation. 

7)  The  amount  or  deformation  required  to  ' '■  ■‘•-.en.t  -a' or.i"*'  .in. 

hardening  ittcrcanes  with  ineroujiag  temp-."'-*  ‘e  >r  ,in. 
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Table  V 


Growth  Parameters  for  Crystals  Appearing  in  Figures  13,  l1*,  and  ]5 


Kis. 

Crystal 

Quench(l/min) 

Anneal  Temp.(°C) 

Pressure(atm. ) 

13 

SSR  30 

50 

690 

20 

SSR  51 

40 

688 

19 

14 

SSR  33 

75 

694 

21 

SSR  34 

70 

695 

23 

13 

SSR  43 

30 

6S5 

31 

SSR  ->4 

30 

670 

40(saturateii) 
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APPENDIX  A 

PHYSICAL  REVIEW  B VOLUME  8,  NUMBER  12  15  DECEMBER  1975 

Impurity  and  Lattice  Scatter!*#  Parameter*  aa  Determined  from  Hall  and  Mobility 
Analytic  in  a -Type  SUteoa* 

P.  Norton, t T.  Briggma,  and  H.  Levinstein 
Dtfrtrmtnt  of  rky*x  SymcuM  Vnhenitf,  Syrtme.  Nr*  York  13210 
(Rjodved  4 Juae  1973) 

The  carrier  coaoeotrtoos  and  nofetitty,  M detenniaed  from  the  Hall  effect,  have  been  aoalyud  ueinj 
a ccaaputer  for  a aerki  of  a -type  klkx»  aamptoa  doped  with  Yi,  P,  end  Aa.  Mobility  calculation*, 
performed  numerically,  were  baaed  on  the  poeral  treatment  jlvtn  by  Herrin*  aad  Voft. 

Ioeurad-impurky  tattering  vu  calculated  from  two  theoriea  and  compared  with  experiment. 

Lattkwaoattcriaf  parameter!  for  intervalley  aad  accouetk  mode*  were  determined  froaa  a oospariaoo  of 
the  reaulu  between  theory  aad  experiment,  uain|  aa  many  aa  four  hUervalley  pboaoea.  The  oowchnaona 
aupport  t%»  ear  Her  wort  of  Lon*,  and  a partial  explanation  of  the  diaafreement  whh  poranwlan 
determined  from  other  meeeuremenu  k tugftatad.  Scattering  by  neutral  knpuritka  k found  to  be 
temperature  dependent,  unlike  the  theoretical  modd  of  E/fia*oy. 


I.  INTRODUCTION 

The  Hall  effect  has  been  studied  and  analyzed  In 
detail  for  a series  of  n-type  silicon  samples  doped 
with  antimony,  phosphorus,  and  arssnic.  Mea- 
suremonts  were  made  on  samples  with  doping  den- 
sities ranging  from  4 x 10“  to  8 x 10w  cm'*  gen- 
erally between  20  and  160  K,  but  over  a wider  tem- 
perature range  In  some  cases.  Almost  all  the 
data  were  taken  In  the  hlgh-magnetlc-field  limit 
so  that  Hall-factor  corrections  were  not  needed  to 
determine  the  carrier  concentration  and  drift  mo- 
bility. We  havo  analyzed  both  the  carrier  concen- 
tration and  the  mobility  as  a function  of  tempera- 
ture. For  the  mobility  analysis,  the  model  of 
Herring  and  Vogt’  was  adopted  to  approximate  the 
anisotropic  nature  of  the  conduction  band.  By  using 
the  results  of  both  carrier- concentration  and  mo- 
bility analyses,  we  have  been  able  to  determine 
Independently  the  density  of  compensating  acceptors 
In  these  samples.  Therefore,  a quantitative  com- 
parison could  bo  made  between  two  models  of 
Ionized -Impurity  scattering,  since  this  mechanism 
Is  coupled  directly  to  the  compensation  density  at 
low  temperatures.  In  particular,  we  have  com- 
pared the  formulation  of  Brooks, 1 Herring,  and 
Dirgle*  given  for  isotropic  scattering,  to  the  theory 
given  by  Samollovlch  el  al . , calculated  express- 
ly for  the  case  of  spherlodal  anisotropic  bands. 

Recent  controversy  over  the  Intervalley  lattice 
scattering  process  in  silicon  has  been  examined, 
and  lattice  scattering  parameters  have  been  (it  to 
our  data  using  s number  of  proposed  models.  CXir 
two  purest  samples  were  used  for  this  purpose. 

The  results  at  this  test  are  in  good  agreement  w'th 
similar  results  of  Long, 1 bid  do  not  support  pa- 
rameters determined  from  the  atulyels  of  photo- 
conductivity and  recombination- radiation  experi- 
ments. In  part,  a reinterpretation  of  some  optical 
experiments  is  suggested  to  clarify  the  present 


disagreement  between  optical  and  transport  mea- 
surements. 

We  have  found  that  neutral- impurity  scattering 
Is  not  well  described  by  present  theory.  Experi- 
mental data  for  the  mobility  (fas  to  neutral- Impuri- 
ty scattering  are  shown  to  have  a substantial  tem- 
perature dependence,  not  accounted  for  by  the 
Erglnsoy1  formulation  of  this  problem.  Part  of 
this  discrepancy  is  qualitatively  resolved  In  terms 
of  resonant  scattering  Involving  a possible  bound 
stato  for  the  scattered  electron  aa  described  by 
Sclar. 1 At  higher  temperatures,  however,  inelas- 
tic scattering  may  explain  the  temperature  depen- 
dence. A much  weaker  neutral- Impurity  scatter- 
ing Interaction  Is  apparent  for  areenlo-dopsd  sili- 
con than  for  antimony-  or  phosphorus -doped  sim- 
ples. No  explanation  could  be  found  for  this  dif- 
ference. 

II.  HALLEJTEtT  MEASUREMENTS  AND  CARRIER- 
CONCENTRATION  ANALYSIS 

The  experimental  apparatus  (or  measuring  the 
Hall  effect  has  been  described  previously. 14  to 
the  case  of  silicon,  brldgs-lype  samples  were  con- 
tacted with  welded  gold  wires  containing  0,$-at.% 
8b.  Orientation  of  the  magnetic  field  was  to  tbs  (111) 
direction.  Hie  electric  field  was  applied  along  the 
(110)  or  <21 1)  axis. 

Analysis  of  the  Hall  effect  In  illloon  has  been 
complicated  by  the  Hall  factor  v which  depends  on 
the  strength  of  tbe  various  scattering  mechanisms, 
and  tbe  details  of  tbe  band  structure.11  Long  and 
Myrreu  used  an  Iterative  procedi  re  to  calculate 
the  Hall  factor  in  their  analysis  of  carrier  coo- 
contrallon  and  mobility  as  s (unction  of  tscopsrs- 
ture.  In  the  limit  of  high  magnetic  fields,  the  Hall 
(actor  becomes  unity  and  can  be  ignored.  Bines  very 
little  data  have  been  published  oo  the  variation  of 
the  Hall  coefficient  with  magnetic  field,  we  ran  a 
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FIG.  1.  Hall  coefficient  (arbitrary  unite)  u a function 
of  magnetic  field,  aa  measured  for  81  -.  As  1 (tea  Table 
1).  The  deoreaae  in  the  Hall  coefficient  at  high  field*  at 
the  tow  eat  temperature!  la  probably  (loUtloua,  due  to  tbo 
field  dependence  of  the  oarrier  lifetime. 


series  of  magnetic  field  swoops  on  an  arsenic-* 
dopsd  lightly  compensated  sample.  Figure  l shows 
the  Hall  coefficient  as  a function  of  magnetic  field 
strength  for  a number  of  temperatures  In  the 
range  5-300  K.  Tho  data  bo  low  about  20  K were 
obtained  by  magnetic  field  sweeps  of  the  photo* Hall 
coefficient.  300- K background  illumination,  fil- 
tered by  cold  InSb,  restricted  the  radiation  to  X 
>6  pm.  Tho  slight  decrease  in  the  photo- Hall  co- 
efficient at  the  highosl  magnetic  fields,  -as  scon  in 
Fig.  1,  Is  probably  due  to  tho  Hall  voltage  approach- 
tng  the  region  where  carrier  lifetime  becomes  de- 
pendent on  the  electric  field.  The  rallo  of  the  low- 
to  high-field  coefficient  la  shown  in  Fig.  2 as  a 
function  of  temperature.  For  compaction,  we 
have  calculated  the  Hall  factor  r usir^i  the  expres- 
sion given  by  Herring  and  Vogt, 1 and  In  agreement 
with  Long1: 


J(('!)/mr*  ‘ 3<V. )/m?i*J) 


U) 


where  1,  ■«  refer  to  the  transverse  and  longitudinal 
directions  of  the  ellipsoidal  bands  and  t and  m • 
are  the  relaxation  times  and  masse*  of  the  elec- 
trons. These  will  be  fully  explained  in  See.  III. 

It  should  be  mentioned  that  a somewhat  leas  exact 
expression  was  used  for  calculate  r by  Long  and 
Myers,  since  Isotropic  scattering  was  assumed.  11 
Aa  can  be  teen,  there  la  fair  agreement  between 
the  value*  deduced  from  the  field  aweep  data  and 
thoae  calculated  from  Eq.  (R  Disagreement  at  ihe 
loweat  temperature*  may  be  due,  in  part,  to  a 


FIG.  2.  Ratio  of  low-field  to  high-field  Hall  coefficient, 
aa  shown  In  Fig.  1 for  Si : Aa  1,  compared  to  the  calculat- 
ed Hall  factor  r.  The  Hall  faotor  la  oaloulated  from  Eq. 
(1),  using  the  parameter#  determined  for  this  sample 
listed  in  Table  VI  and  mobility  parameters  tor  Lattloe 
Mattering  Hated  in  Table  IV, 


ionised -impurity  scattering  In  this  region,  and  alto 
from  tho  lack  of  an  adequato  theory  to  correctly 
describe  neutral- impurity  scattering  which  was 
quite  strong  in  this  sample.  For  our  purposes, 
we  have  U3ed  data  taken  from  the  high-fleld  limit 
and  sot  tho  Hall  factor  equal  to  unity.  This  approx- 
imation is  good  for  temperatures  below  about  100 
K,  depending  on  the  strength  of  Impurity  scattering. 
We  have  used  data  up  to  about  100  K In  some  cases 
without  correction.  This  should  Introduce  very 
little  error,  even  though  the  high- He  Id  limit  can- 
not quite  be  reached  at  20000  G,  the  Hall  factor 
approaches  unity  In  this  temperature  region.  Fig- 
ures 3 and  4 show  the  measured  mobilities  for 
phosphorus -sloped  samples  (except  81 : P 0);  and 


FIG.  3.  Mobilities  as  measured  for  bur  phoephorus- 
doped  silicon  temples.  Semple  properties  are  listed  to 
Table  I.  Open  dsts  points  are  measured  with  thermal 
carrier  generation.  Solid  dais  poteU  are  take*  with  Ike 
sample  Illuminated  with  300-K  background  radiation 
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FIG,  4.  Mobilities  u measured  for  three  arsenic- 
doped  atd  one  antimony -doped  allloon  aamplea. 


lor  arsenic-  and  antimony- doped  samplos.  A 
rough  estimate  of  tho  hlgh-fleld  limit  region  Is 
found  from  the  condition  on  tho  mobility-field  prod- 
uct pit  > lx  10*  GcmVv  eoc.  Section  III  doals  di- 
rectly with  the  mobility  analysis  of  these  samples. 
We  now  present  the  theory  and  results  of  the  analy- 
sis of  carrier  concentration  as  a function  of  tem- 
perature. 

Ttie  twelvefold  (Including  spin)  IS  state  of  group-V 
donors1*''*  In  silicon  Is  split  *nto  a twofold- degen- 
erate ground  state,  15  (A»),  and  two  groups  of 
higher  stales,  15  (T,)  and  15  (K).  In  addition,  ox* 
cited  states  of  these  impurities  lie  closer  to  the 
band  edge.  Kohn"  has  calculated  the  excited- stale 
energy  levols  and  degeneracies,  while  tho  15-stale 
splittings  have  been  measured  by  Aggarwal.  u 


These  energy  states  are  related  to  the  carrier  con- 
centration »,  donor  and  acceptor  densities  Nt  and 
, and  the  density  of  states  In  the  conduction  band 
Ne>  as11' 18 

n{n  + N ,) 

Nt-Nt-n 

Nte’**,k  T 

= 2+ 67^'W;  • 

(2) 

where  Et  is  the  energy  of  the  ground  state  [l5U|))t 
D and  d are  the  15-state  splittings, 11  and  E{ 
and^,  refer  to  the  energy  and  degeneracy  of  the 
excited  elates.  We  have  Included  three  groups  of 
excited  states,  near  10,  6,  and  3 meV.  Thus 

£ Ms*0"1'*  ♦ Zle*'"*'*.  ue^cm/kt 


Equation  (2)  was  used  to  determine  N4,  N,,  and 
B4  by  fitting  the  measured  temperature  dependence 
of  the  carrier  concentration  In  a manner  described 
olaewhore. 10  N,  was  taken  to  be  5. 29  x 10UT,/I 
cm*',  as  calculated  for  a denslty-of-atates  effec- 
tive mass  of  0. 32m». 

The  results  of  fitting  tho  carrier  concentration 
as  a function  of  temperature  to  Eq.  (2)  for  the 
various  samples  are  presented  In  Table  I.  With 
two  exceptions,  we  have  fixed  the  value  of  N,  and 
only  varied  Ntl  .V,,  and  Et.  In  the  case  of  our 
two  purest  samples,  81 : P 5 and  St : P 6,  we  have 
also  fit  them  with  variable,  and  both  results  are 
shown  in  Table  1.  As  can  be  seen,  there  Is  very 
little  change  in  any  of  the  parameters  when  N,  is 
per  milled  lo  vary.  This  was  not  necessarily  the 
case  In  the  less  pure  samples,  for  which  the  ex- 
haustion region  (*  - Nt)  was  not  reached  be- 


TAUI.B  t.  Carrler-cortcentratlon-tnalyala  results  for  sample*  fit  to  Bq.  (2). 


SUod 

ilMtstivUy  dev. 

N,  S,  Et  at  300  K of  fU 

tom*4!  lm*Vl  UT*4"  e*n*'l  (1 011! 


Sample 

lorn-’l 

(cm**) 

(meV) 

»o") 

m*/«l 

(Ocm) 

no-1) 

si  p i 

».s«to" 

4 2 * 10,f 

43.64 

5.  29* 

0.3218* 

0. 69 

4.17 

SI  P3 

I.S«to" 

J.3*lo" 

43.14 

3.29* 

0.3218* 

17.1 

0.55 

«•  P4 

».6.|0" 

2. 0 10M 

43.39 

3.29* 

0.3218* 

4.76 

1.02 

Si  P 4 

3.5«lo“ 

8.6-10" 

43.38 

3.29* 

0.3216* 

13.6 

O.M 

J.J-  10" 

6.6  * io" 

43.33 

3.18 

0.3173 

13.6 

0.57 

S4-  P 8 

4.3«lo" 

7.7*  10" 

43.42 

3.29* 

0.  3218  * 

123. 

0.61 

* 3>10" 

7.1*  I©" 

43.42 

4.82 

0.3026 

123. 

0.41 

81  As  t 

: , < n io1* 

6.0-  lo" 

43.64 

3.29* 

0.3218* 

0.43 

2.75 

SI  As  2 

1.»xl0" 

4.3*  10U 

32.54 

5.29* 

0.3218* 

0.46 

l.SS 

HI  As  3 

1.5.10" 

l.fl«10u 

52.32 

3.29* 

0.3213* 

0.13 

3.36 

SI  % 1 

1.4 < 10" 

6.  3 * IO" 

42.39 

3.29* 

0 3216* 

0.66 

2.53 
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low  160  K. 

In  several  of  the  more  impure  samples  having 
donor  concentrations  of  about  1018  cm"5  or  more, 
we  have  also  tried  fits  with  one  or  more  data 
points  taken  at  300  K.  In  this  case  the  value  of « 
at  300  K was  calculated  by  several  methods.  First, 
the  measured  resistivity  was  used  to  give  a value 
of  N4  from  the  graph  published  by  Irvin.  w Using 
the  appropriate  activation  energy,  we  calculated 
n/Nt  at  300  K and  obtained  a value  of  n by  multi- 
plying this  ratio  by  . The  second  method  used 
the  Hall  coefficient  measured  in  the  low-field 
limit  at  300  K,  and  corrected  by  the  Hall  factor 
calculated  from  Eq.  (1),  to  give  a value  of  n.  The 
third  method  used  the  measured  Hall  coefficient 
and  the  Hal!  mobility  at  300  K.  Instead  of  calculat- 
ing the  Hall  factor  from  Eq.  (i),  the  drift  mobility 
was  calculated  and  the  ratio  of  Hall  to  drift  mobili- 
ty was  used  as  the  Hall  factor  to  correct  the  Hall 
coefficient.  All  three  methods  gave  similar  re- 
sults, although  the  first  and  third  rely  on  good 
geometry10  for  an  accurate  measure  of  the  resis- 
tivity. Adding  a data  point  at  300  K had  only  a 
slight  effoct  on  the  fit,  for  example,  Si:  As  1 
showed  at  most  a decrease  I nSt  and  an  8%  in- 
crease In/f,  from  the  valuos  obtained  without  a 
data  point  above  160  K.  This  check  providos  rea- 
sonable confidence  in  extrapolating  the  fitting 
procedure  to  samples  lor  which  the  exhaustion  re- 
gion could  not  be  measured  m the  high-field  limit. 

Ill  MOBIU1Y  analysis 

A.  Ccnml  hwimiUUun 

We  have  analyzed  the  mobility  in  these  same 
samples  in  order  lo  determine  the  density  ol  com- 
pensating acceptors  St  and  the  values  of  various 
other  parameters  associated  with  the  scattering 
mechanisms.  «V,  can  be  deduced  from  the  strength 
of  limited -Impurity  ncaltorluK.  especially  ai  low 
temperatures  where  h ••  .S',  and  lattice  scattering 
la  relatively  weak.  To  do  this,  however,  one  needs 
to  have  an  accurate  description  not  only  of  Ionized- 
Impurity  scattering  In  a many- valley  band  struc- 
ture, but  also  lattice  and  neutral- impurity  scatter- 
ing. The  anisotropy  of  the  effective  mass  in  sili- 
con produces  different  scattering  rates  for  the 
transverse  and  longitudinal  directions  in  the  ellip- 
soidal valley.  Since  each  scattering  process  has 
a different  dependence  on  the  effective  mass  of  the 


-1-  - ( i • i:  I",'*1,  nin.it •».  r.1' 

*11  1 \ * 

where  0,  is  the  temperature  of  the  ith  mtervalley 
phonon,  H|  • {exptd,/TJ-  l)*1.  and  »,  is  the  relative 
coupling  strength  of  the  electrons  to  the  ith  inter- 
valley  mode  coiujurcd  to  the  transverse  acoustic 


carriers,  it  is  not  possible  to  select  an  average 
effective  mass  suitable  for  all  three  types  of  scat- 
tering. We  have  separated  the  scattering  time 
averages  into  two  parts,  as  generally  prescribed 
by  Herring  and  Vogt, 1 and  as  done  by  Brooks*  In 
treating  lattice  scatter!^  for  ellipsoidal  bands. 

This  type  of  treatment  is  valid  when  the  scattering 
is  either  energy  conserving  or  momentum  ran- 
domizing. The  mobility  in  this  case  can  be  written 

P = M<r,>/mJ  .2«r.>/m*)) , (4) 

where  u and  J.  refer  to  the  longitudinal  and  trans- 
verse directions,  respectively.  Each  average  of 
the  scattering  time  is  computed  numerically  by 
approximating 

<r>=  (4/3/x)  £ e"‘x*/,T(ir )dx  (5) 

with  Simpson's  rule,  where  x=  e/*T.  In  using 
Simpson’s  rule  we  have  taken  the  integral  from  0 
to  25*7*,  and  used  75  Intervals;  or  used  two  re- 
gions, from  0 lo  6*T  with  24  Intervals  and  6 to 
25*7*  with  19  Intervals.  The  accuracy  of  the  nu- 
merical integration  using  these  choices  was  com- 
pared with  taking  the  Integral  from  0 to  25*7*  In  500 
Intervals.  Over  the  temperature  range  from  5 to 
500  K,  the  maximum  error  was  1.703b  (at  500  K, 

St~  lx  io‘l  cm**,  N,  • 1 * 10*°  cm*1)  In  the  first  case 
with  one  region;  and  1.  13%  (at  300  K, 
em’\  N,  • 1 x 10‘°  cm**)  In  the  second  case  with  two 
regions.  For  these  compar Isons  we  used  hypo- 
thetical samples  with  a range  of  donor  concentra- 
tions from  10’°  to  10*1  cm**,  having  only  a small 
amount  of  compensation.  Since  the  error  was  al- 
most always  less  with  the  two  region  Integration, 
we  used  it  in  preference  lo  the  single  region.  This 
was  also  considerably  faster. 

The  lattice  scattering  mechanism  Inn-type  sili- 
con has  been  the  subject  of  much  recent  discussion. 
Electron  scattering  mechanisms  by  lattice  modes 
are  of  two  types:  miravalley  scattering  by  acous- 
tic phonons,  and  tnlervalley  scattering  lo  either 
parallel  valleys  W typo)  or  perpendlcutar  valleys 
(/  type).  The  allowed  interval  ley  modes  have  re- 
cently been  agreed  upon,  at  least  theoretically, 
although  certain  experimental  evidence  suggesting 
possible  scattering  by  forbidden  mtervalley  modes 
remains  to  Ik*  explained.  We  will  discuss  this 
later  Sec.  1VC  In  general,  the  transverse  laities 
scattering  time  can  Ik*  written 

(«,.  nii-e,  T.r'Ml]  , (•) 

mode  Umg  and  Myers11  determined  the  ratio  of  the 
acoustic  mode  scattering  strength  In  the  longitudinal 
direction  to  be  i that  of  the  transverse  direction. 
This  has  been  confirmed  by  Nsurlogvr  and  Little** 
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also  using  magnetoresistance  measurements,  and 
by  recent  experiments  involving  cyclotron  reso- 
nance of  hot  electrons  as  measured  by  Kazanskii 
and  Koshelev.  **  Intervalley  scattering  is  assumed 
to  be  isotropic.  Therefore,  the  scattering  time  in 
the  longitudinal  direction  is 


1 1 1 

Tlx  2t07  X 


(7) 


Neutral- impurity  scattering  has  been  calculated 
from  Erginsoy’s*  expression  derived  from  the 
study  of  low-energy  elastic  scattering  of  electrons 
from  hydrogen.  In  the  zero-order  phase-shift 
aoproxlmation,  this  type  of  scattering  is  indepen- 
dent of  carrier  energy.  However,  it  lias  been 
shown  that  for  large  concentrations  of  neutral  im- 
purities, coherent  scattering  can  take  place,  l0,24,*i 
ao  that  the  scattering  time  may  not  depend  directly 
on  the  inverse  neutral  donor  concentration.  Also, 
group- V donors  in  silicon  are  not  strictly  hydro* 
genic.  Therefore,  wo  have  scaled  the  neutral- im- 
purity scattering  lime  with  an  adjustable  constant 
A to  be  dotormtncd  from  the  analysis  of  the  data. 
With  this  provision,  the  neutral- impurity  scatter- 
ing time  is 


4.  57  < 10*  v 


where  « Nt  - - w Is  the  density  of  neutral  do- 

nors, nif  is  tho  effective  mass  uf  the  conduction 
electron  (mf  urm?),  anti ui(*  is  the  geometric 
mean  mans  which  for  silicon  is  0.  32>«e. 

Ionized- impurity  scattering  has  been  calculated 
by  Brooks, 1 Herring,  and  Dingle.1  This  formula 
has  been  qubo  successful  in  describing  ionized  - 
impurity  scattering  in  both  silicon1*  and  germani- 
um. ,0  The  Ionized-  impurity- sea  lie  ring  time  is 


l 

T/ 


|h#.  n-(i  iii-  nl 


' >»!•  181 
where 

. 2 5.  17«10’W  ..j-IV1. 

b * “tisVV •“ "0| 

and 

s'  n • in  • S\\\  !*-(»«  A’,)  \*|  . 'll! 

Xt  is  the  lout  density  of  ionized  impurities,  namely. 
&\\  ■ h 

A somewhat  less  known  treatment  of  ionized  im- 
purity scattering  given  by  Samoilov  irh  rt  nl*'4  tus 
also  been  evaluated.  The  theory,  similar  t*»  earlier 
work  by  Ham,  H specifically  treats  anisotropic 
Ionized -Impurity  scattering  in  a prolate  Hpher.m  al 
band.  Neunftgor  and  Long*1  have  interpreted  m»»* 


netoresistance  data  with  respect  to  the  relative 
ratio  of  longitudinal  to  transverse  scattering  time 
predicted  from  the  theory,  but  we  do  not  know  of 
any  reference  dealing  with  the  absolute  magnitudes 
of  the  scattering  times  as  predicted  by  Samollovich 
et  of.  The  expressions  given  here  have  been  eval- 
uated specifically  for  n-type  silicon,  and  the 
reader  is  referred  to  the  original  papers  for  a com- 
plete description.  With  ba  evaluated  as  in  Eq.  (10), 
we  find 


1 4. 28xlO**iV, 

r„  “ (Tx)J,> (!♦*,) 


[ln(6J-  2.  34+  7.  88/6.  j,  (12) 


ilS> 

where  and  have  been  given  graphical  repre- 
sentation in  Ref.  4.  We  have  approximated  these 
by  the  following  expressions: 

A' o • 0.  192-  0.  067(5/logJOM,  (14) 

AT,  =0.  03 1 log, 3(6,)-  1)  . (15) 

Since  these  functions  are  small  corrections,  wo 
have  evaluated  a' 0 and**,  oulalde  the  Integral,  calcu- 
lating b,  in  this  case  from  Eq.  (10)  using  x = 3. 

The  total  scattering  time  to  be  averaged  In  Eq. 

(5)  is  defined 


where  the  transverse  and  longitudinal  averages  are 
computed  as  required  in  Eq.  (4). 

Before  going  ahead  to  the  results  of  the  analysis, 
ii  is  inipiruiit  to  note  Hut  none  of  tho  several  scat- 
tering media  nouns  can  be  totally  isolated  in  realis- 
tic material.  Therefore,  the  results  presented  it; 
Secs,  ill H— III  1)  dealing  with  a particular  scatter- 
tug  mechanism  will  have  interacted  with  each 
other  during  the  several  months  taken  to  complete 
this  work.  These  interact ums  were  always  pres- 
ent, and  although  we  cannot  describe  them  totally, 
it  is  Imped  Hut  Huh  remark  wilt  explain  why  minor 
modifications  appear,  f«»r  example,  in  the  choice 
of  /l,  dui  mg  the  develojHiient  of  our  treatment  of 
lattice  scattering 


h UliH*  Solirnnf  Rmillt 

Having,  presented  the  formulation  of  the  mobility 
calculation,  we  must  evaluate  the  lattice  scattering 
{urometers  reand  IN'  it,’s  given  in  Kqs.  (6)  and 
c7»  We  initially  used  the  model  proposed  by  Rode,** 
model  1.  -a 'in  only  one  mtervalley  phonon  (^|-540 
K1  Therelore,  the  niramelers  calculated  by  Long 
could  not  be  atk'jXed,  since  hts  model  assumed  two 
uilervalu)  phonons  with  temperatures  630  and  100 
K Also.  1 he  mobility  due  to  jKire  lattice  scattering 
is  not  rb  irh  eniabhshed  m the  literature.  Mea- 
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8ured  mobilities  range  from  18  000  to  24  000  cm1/ 
Vsec  at  77  K,  a with  additional  uncertainties  arising 
when  the  Hall  factor  and  Impurity  scattering  must 
be  taken  Into  account.  We  decided  initially  to  de- 
termine r0  from  the  data  taken  on  our  two  purest 
samples,  by  fitting  r0  as  a parameter  using  data 
from  20  to  77K.*#  Both  of  these  samples,  Si : P 5 
and  Si : P 6,  were  cut  with  bridge  shapes  favora- 
ble to  an  accurate  determination  of  the  distance 
and  width  between  resistivity  arms,  so  that  geo- 
metrical errors  should  be  small. 30  For  this  fit, 
u>,  was  fixed  at  1.  5 (»»-.<  were  fixed  at  zero)  and 
since  Intervalley  scattering  lowers  the  mobility  by 
less  than  3%  for  this  model  at  77  K,  this  choice 
was  unimportant.  We  found  good  agreement  for 
both  samples,  using  several  trials  with  parameters 
Nt  and  A both  flxod  and  variable.  Using  the  tem- 
perature range  from  77  K down,  we  found  t0  to  be 
3.  56 x 10”*  sec,  within  1. 7%.  In  addition,  we  ran 
a second  series  of  fits  with  data  from  a more  re- 
stricted temperature  range,  20-41  K.  The  average 
values  of  r0  were  2. 74>  and  1. 1%  higher  (or  sam- 
ples Si : P 5 and  SI : P 6,  respectively,  when  only 
data  from  below  41  K was  used.  With  rc  chosen  to 
be  3. 56 x 1<T*  sec,  wo  then  ran  a serlos  of  calcu- 
lated mobilities  at  300  K,  varying  «•,.  From  this 
series,  wc  selected  uq  to  agree  with  the  measured 
drift  mobility  at  300  K.  Drift -mobility  expert - 
mentau“M  give  mobilities  between  1350  and  1500 
cm1 /Vsec  at  room  temperature.  We  chose  to  use 
u’»«  1.45,  giving  a mobility  of  about  1450  at  300  K. 
consistent  with  our  own  measurement®  which  will 
be  described  lab*r. 

The  two  temperature  ranges  used  alxivo  to  deter- 
mine t0  were  chosen  deliberately  to  see  d there 
wag  a significant  amount  of  mtervalley  scattering 
by  lower  temperature  phonons  (LA  type  or  TA 
/ type)  as  suggested  by  several  authors,  but  lor- 
bidden  by  the  calculated  selection  rules.  If  lower 
temperature  phonon*  were  contributing  significantly, 
we  would  expect  the  fitted  values  of  »9to  be  higher 
using  data  front  the  temperature  range  below 
K.  Also,  the  fit  would  be  skewed  when  the  temper- 
ature range  up  to  77  K was  used,  since  the  adjust- 
ment of  t q alone  could  not  compensate  lor  a low- 
temperature  tnlervalivy  mode.  Although  there  i® 
only  a Slight  increase  in  the  average  value  «»| 
using  only  data  below  41  K,  the  til  over  the  20-  77- 
K range  remained  slightly  skewed  even  when  S9 
and  A were  permitted  to  vary.  Also,  filled  values 
of  S4  were  lower  when  the  full  range  «»f  20-77  K 
was  uaed,  indicating  an  adjustment  of  A,  m atlemjft 
to  raise  the  mobility  at  low  temperatures  with  re- 
sped  to  higher  temperature®.  This  di-u  repme> . 
although  iu>t  prominent,  Indicated  a possible  weak  con- 
tribution from  a low -temperature  tntcrvalley  phonon. 

At  thlB  putnt  ui  oar  work  u became  apparent  that 

— m 


be  necessary  to  characterize  the  intervalley  scat- 
tering process.  We  therefore  extended  the  range 
of  measurements  on  our  purest  sample,  SI : P 6, 
to  room  temperature,  measuring  the  Hall  constant 
at  both  600  and  20000  G,  along  with  the  resistivity. 
Since  the  analysis  of  carrier  concentration  could 
be  carried  out  with  data  taken  below  100  K for  this 
sample,  the  carrier  concentration  above  100  K 
could  be  accurately  calculated  from  the  values  of 
Nt>  N,,  and  Et  as  given  in  Table  I.  From  this, 
we  deduced  the  Hall  factor  and  mobility  up  to  room 
temperature,  without  relying  on  Eq.  (1)  which 
assumes  an  accurate  knowledge  of  the  scattering 
times.  Data  taken  between  77  and  315  K were  then 
compared  to  model  l,  which  we  will  now  call 
model  1(a).  Deviations  between  the  data  and  model 
1(a)  were  skewed  by  5 to  6%.  Two  modifications 
were  then  attempted  on  model  I.  First,  we  tried 
using  a phonon  temperature  of  670  K rather  than 
540  K (model  Hb>).  For  this  choice  a coupling 
constant  of  2. 0 was  needod  to  give  agreement  to 
drift  mobility  at  300  K.  Comparison  with  our 
data  above  77  K again  gave  deviations  on  the  order 
of  Next,  we  used  a combination  of  both  those 
intervalley  phonons,  0j  * 540  K and  0,  a 670  K 
(model  He)].  By  computer  adjustment  of  «•,  and 
n,.  the  maximum  error  was  reduced  to  about  3% 
over  the  temperature  range  above  77  K. 

Having  exhausted  the  possibilities  of  model  1, 
we  returned  to  the  low- temperature  rogion  below 
77  K to  sec  »l  a low- temperature  phonon  would 
appreciably  improve  the  (it  in  (his  region.  A sec- 
ond model,  model  U.  was  calculated  using  a low- 
energy  phonon  corresponding  to  /-typo  scattering 
by  a TA  phunun,  in  addition  to  thy  allowed  higher 
temperature  jilmmms.  Fur  this  series  we  fixed 
* , nul  « , ai  0.  t)  and  l.  2,  respectively,  as  deter- 
mined from  model  He)  fit  above  77  K.  Using  data 
from  20  to  77  K.  and  With  8,  chosen  to  be  100  K, 1 
we  f.t  both  T04iul  n |,  with  St  both  fixed  and  vari- 
able. (k’ud  agreement  was  -again  obtained  between 
samples  Si  l»  5 and  St : P 6,  and  the  results  of 
fils  beh*w  77  K are  given  in  Table  11,  together  with 
the  standard  deviations.  The  marked  improve- 
ment in  the  standard  deviation  when  the  forbidden 
inter  vat  ley  phonon  was  included  la  good  evidence 
of  u»  importance,  even  though  it  is  weakly  coupled. 
Futures  5 and  6 illustrate  the  relative  error  be- 
tween measured  and  calculated  mobilities  for  these 
two  samples,  with  and  without  the  addition  of  a 
iuw- temperature  mtervalley  jKiunun. 

With  the  mi pittance  of  a low-energy  phonon 
established,  we  again  went  to  the  temperature  rC- 
g:-»n  xl«’V*  77  K and  fit  model  11  with  r*.  and 
« j variable  With  this  freedom,  agreement  was 
obtained  to  belief  than  24,  with  the  coupling  con- 
stant of  t<  , fitted  t>»  essentially  aero  001), 
and  » . fit  to  atm-n  1 . 8 Since  n . was  fixed  at  0.  15 
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TABLE  II.  Mobility  latttlce  parameters  fit  below  77  K. 


Model 

Sample 

(sec*1) 

(10-*) 

»,*•* 

V 

A 

(cm') 

do1*) 

Stand,  dev 
of  mobility  fit 
(10-*) 

Temperature 
range  (K) 

I 

Si:P  5 

3.57 

1.5 

0 

0* 

5.9 

9.2 

5.37 

20-77 

I 

SI:  P 5 

3.57 

1.5 

0 

0* 

5.3 

8.6e 

4.02 

20-77 

I 

SI : P 5 

3.6? 

1.5 

0 

0* 

2.0“ 

6.0 

1.04 

20-77 

I 

Si:  P 6 

3.64 

1.5 

0 

0* 

14.2 

6.2 

2.35 

20-77 

I 

SI:  P 6 

3.55 

1.5 

0 

0“ 

30.5 

7.7* 

5.23 

20-77 

1 

Si:  P 6 

3.53 

1.5 

0 

0“ 

2.0“ 

5.3 

1.43 

20-77 

I 

Si:P  6 

3.62 

1.5 

0 

0* 

4.8 

8.6* 

4.47 

20-41 

I 

Si:  P 5 

3.69 

1.5 

0 

0“ 

2.0“ 

6.5 

0.32 

20-41 

I 

Si:  P 6 

3.60 

1.5 

0 

0“ 

25.5 

7.7“ 

6.44 

20-41 

I 

SI:  P 6 

3.60 

1.5 

0 

0“ 

2.0* 

5.8 

0. 25 

20-41 

11 

Si:  P 5 

3.99 

0.6 

1.2 

0.17 

2.0“ 

8.6“ 

1.21 

20-77 

D 

Si:P  5 

3.79 

0.6 

1.2 

0.08 

2.0“ 

7.0 

0.48 

20-77 

11 

St : P 6 

3.92 

0.6 

1.2 

0.19 

2.0“ 

7.7“ 

1.33 

20-77 

U 

Si:  P 6 

3.73 

0.6 

1.2 

0.10 

2.0* 

6.3 

0.73 

20-77 

“Value  fixed. 

‘Coupling  oonstante  for  intorvalley  phonons;  S40  K,  •l«670K,  ^j:'190K. 


during  this  (It.  the  result  is  identical  to  that  deter- 
mined by  Long, T except  (or  a slight  difference  in 
the  value  of  Very  little  chango  was  observed 
when  all  four  variables  (r0l  «•,,  iet,  andu>»)  were 
permitted  to  vary,  and  data  between  20  and  315 
K was  used.  Results  In  the  higher-temperature 
rogton  aro  summarised  in  Table  111. 

At  this  time  it  had  become  ovldcnl  not  only  from 
these  samples,  hut  also  from  more  heavily  doped 
ones,  Hut  ionized- impurity  scattering  as  calculated 
from  the  expression  given  by  Brooks,  Herring, 
and  Dingle  (Kqs.  (9)-OI)|  was  ove res II mating  the 
Ionized- Impurity-scattering  strength  and  that  con- 
sequently whenever  St  was  permitted  to  vary,  val- 
ues considerably  smaller  than  those  determined 
in  Sec.  It  were  obtained.  Therefore,  the  ionized- 
mi  purity- scattering  formulas  given  by  Samuilovich 
t'l  at.  were  substituted  (Kqs.  02)-(15)J  after  it 
was  clear  that  they  gave  a substantial  improve- 
ment. We  also  decided  to  include  the  possibility 
of  a fourth  tnlervnlley  phonon  with  a character  Ml  tc 
temperature  of  307  K,  (this  would  tie  LA/Mype, 
but  not  quite  at  0. J4.Y  as  expected)  ns  inferred 
from  o|glcal  measurements. 11  These  changes  de- 
fined what  we  shall  call  modi’!  III.  With  S4,  r0, 
and  four  n ,*s  variable,  we  fit  the  data  on  Si : P 6 
between  20  and  315  K.  Only  « , and  ic,  ((>,  --  670  K. 

P,  « 100  K)  were  found  to  be  Important,  but  now  St 
fit  very  close  to  the  value  determined  in  Sec.  11. 

Wo  also  fit  Si ; I»  3 between  20  and  77  K,  varying 
•v« . ro>  11 1'  a,ui  M » • Again,  11 « found  to  be 
unimportant  and  .Y#  ftl  very  close  to  the  result  for 
this  sample  found  in  Sec.  11.  Model-  HI  results 
are  summarized  in  Table  IV  for  ’heso  two  samples, 


and  the  relative  errors  arc  shown  in  Figs.  7 and  8. 

As  an  additional  check  on  our  results,  wo  cal- 
culated the  Hall  factor  lor  St ; P 8 using  Eq.  (1) 
and  with  pi ra meters  determined  from  sovoral 
models.  Those  are  compared  lo  our  data  taken 
at  GOO  and  20000  G bo  tween  77  and  315  K,  as  shown 
in  Fig.  0,  None  of  the  models  gives  completely 
satisfactory  agreement,  with  modol  HI  giving  the 
best  results  below  100  K,  and  modol  !(a)  giving  the 
best  agreement  from  10Q  to  about  250  K.  It  should 
be  noted  that  the  data  taken  at  20000  G will  not  be 


1 lit.  5.  Relative  error  In  percent  between  calculated 
ami  measured  mob! illy  for  Si  ■ 1*  ft  with  awl  without  the 
I no  hi  a Ion  of  a Inw-temjierature  Inlcrvalley  phonon  lfj 
* 190  Ki.  Ibe  relative  error  la  defined  u Error  MOV 
- * ton,  where  la  the  tneaaured  mobility,  and 

jj*  la  the  calculated  mobility.  Ihe  open  triangloa  ahow 
the  rceutt  without  the  Inclusion  of  9>.  The  solid  circlea 
ahow  the  Improved  fit  with  $j  Included.  Values  of  param- 
otera  are  the  following-  fixed,  ,Y|"3.28xlOu,  A »2.0, 
C«l  o,  tr,«0.r.  u j 1 2;  fit,  open  irtanglea,  A',” ft. 9 
*I0U,  f*-3.6 2*10J  (uv  0.0  fixed);  fit,  solid  circle*. 
N«»?.i>*10,,l  r,- 3. 79 <10**,  m-,<  0.0S. 
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FIG.  6.  Relative  error  as  In  Fig.  5,  for  sample  S|:  P 
6.  Values  of  the  parameters  are  tho  following:  fixed, 
N<«4.29xi0,\  A = 2.0,  C=  1.0,  u»t  = 0.6,  tri»1.2;  fit, 
open  trianglos,  W4a5.3xl0**,  Tj=3.SJxiOj  (o)j  = 0. 0 
filed):  fit,  solid  circles,  N,‘  6.3  * 1011,  f,- 3.73*10-’, 
U'}s0.10. 


in  the  iow-lield  limit  below  150  K. 

In  conclusion,  we  show  m Fie  10  the  experi- 
mental data  on  Si : P 6,  including  photo- Hall  da’a 
omlttod  from  the  fitting  procedure,  together  with 
tho  calculated  mobility  curve  based  on  model  Hi. 

C.  lonucd-lnipurity-ScaUcrtn*  Rttults 

Ionized-  Impurity  scattering  has  been  troated 
using  tho  expression  {'Ivon  by  Brooks,  Herring, 
and  Dlnglo  in  most  of  the  recent  exporlmenlall5‘u,,<■r, 
and  theoretical*4  work  on  this  subject.  However, 
as  has  been  mentioned  in  Soc.  lUD,  the  agreement 
In  (tiling  was  less  than  satisfactory  for  our 
purest  samples  Si : P 5 and  Si : PC  when  the  ex- 
pression given  by  these  authors  was  used.  It  was 
also  tried  on  several  more  heavily  doped  samples, 
laving  stronger  contributions  due  to  ionised-  im- 
purity scattering.  The  values  of  <V,  winch  were  fit 
from  this  formula  were  about  SOT  lower  m all 
cases  than  those  determined  from  the  carrier - 
concentration  analysts  given  in  Table  I.  Conse- 
quently, we  also  ran  fl!s  using  the  ionite*'  ^alter- 
ing formula  given  by  Samuilovich  » f al,  ami  the 


results  were  much  better.  A comparison  of  the 
two  results  is  given  in  Table  V.  The  most  sensi- 
tive samples  for  this  comparison  are  Si : P 3 and 
Si : P 4,  which  have  the  largest  contributions  due 
to  ionized  impurities,  and  relatively  weak  contri- 
butions due  to  neutral  scattering.  Severs^  values 
of  the  neutral  scattering  parameter  A were  tried, 
to  verify  that  the  fitted  value  of  Nt  did  not  depend 
upon  this  choice.  As  a counterexample,  the  choice 
of  A is  more  important  for  Si : As  2,  which  has  a 
fairly  strong  contribution  due  to  neutral- impurity 
scattering.  In  all  cases,  however,  the  formulas 
given  by  Samoilovich  el  al.  gave  better  agreement 
in  determining  values  of  compensation  close  to 
those  determined  from  carrier-concentration  analy- 
sis. 

D-  NrutnMfnpu.ity-Sc&ttering  Remits 

Having  established  a reasonably  good  model  to 
describe  ihe  lattice  and  ionized- Impurity- scatter- 
ing effects,  we  then  went  on  to  f t the  remaining 
samples  which  were  lighlly  compensated,  and 
hence  had  substantial  contributions  due  tc  neutral- 
impurity  scattering.  The  results  were  disappoint- 
ing. In  all  cases  the  fits  between  20  and  77  K wore 
skewed,  with  tho  calculated  mobility  htghor  al  the 
extremes  and  lower  than  tho  measured  mobility 
between  about  25  and  60  K.  In  those  samples,  N, 
was  fixed  and  A and  (; ,0  woro  permitted  to  vary. 

For  completeness,  the  results  of  those  fits  are 
given  in  Table  VI. 

In  order  to  understand  tho  cause  of  the  poor 
fitting,  we  have  extracted  the  neutral  scattering 
contributions  from  each  of  theso  samples  (or 
comparison  with  the  Krgmsoy  model.  To  do  this 
we  calculated  the  mobility  for  each  of  those  sam- 
ples. including  only  the  contributions  duo  to  latllco 
and  ionized- impurity- scattering  effects,  with  O' 
assumed  to  be  unity.  We  then  estimated  tho  neu- 
tral-sculler  lug  mobility  as 

il  * II  Mihw  - L bt*#  «ti<)  • 1 1 


TAfU.K  III.  Mithimy  lattice  parameter*  fit  ttl«>vo  77  K. 


Model 

Sample 

Tj 

taeo4,i 

HU4,i 

**  l 

II  ; * 

• . 

u i 

Stand,  dev 
of  mobility  fit 

lemjmrsturc 
range  tKJ 

Ktfl 

si 

l»fi 

3 .55* 

1.45 

0* 

M* 

...» 

77-315 

I'M 

Si 

V 6 

3. 50* 

0* 

;!.ou 

...» 

77-315 

l«r» 

SI 

V 

J.  50* 

o.  is 

1.19 

U* 

1.  il 

77-315 

it 

M 

l»«; 

3.90* 

C.uo 

i . at* 

0.16* 

1.07 

77-315 

11 

SI 

l»  B 

3.93 

o.tm 

1.93 

0.16* 

1 . 02 

77-315 

11 

SI 

»» fi 

3.»9 

e.ui 

1 .87 

0,16 

1 . 39 

JO-316 

Voupllng  eonxlunU  for  Intervallev  phono  tut,  ► 540  K,  i»"u  K.  •»*  190  K. 

N’nlue  fixed. 

*Nol  computer  fit. 
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TABLE  IV.  Mobility  lattice  parameters  fit  with  model  in. 


Sample 

To 

(see*1) 

do'*) 

U»i‘ 

Ml}1 

W}1 

N ; 

(cm'1) 

do1*) 

Stand,  dev. 
of  mobility  fit 
UO'1! 

Temperature 
range  (K) 

SI:  P 6 

3.63 

0. 0002 

1.84 

0.  080 

0.  0004 

7.56 

0.90 

20—316 

St:  P 5 

3.77 

0.0“ 

1.83“ 

0.16 

0. 00007 

8.40 

0.47 

20-77 

•Coupling  constant*  for  intervalley  phonons;  6,=»540  K,  6}=870  K,  0j*=  190  K,  0<eS07  K. 
‘Value  fixed. 


For  comparison,  the  mobilities  calculated  in  this 
manner  were  multiplied  by  the  total  concentration 
of  neutral  impurities  at  each  temperature.  In 
addition,  we  repeated  the  same  procedure,  re- 
placing the  measured  mobility  by  the  mobility  cal- 
culated with  the  Inclusion  of  neutral  scattering 
from  Erginsoy’s  formula.  For  this  calculation  a 
value  of  A was  used,  as  indicated  from  our  results 
given  in  Table  VI,  and  three  choicer  of  G were 
assumed:  0.95,  1.0,  and  1.05,  corresponding 
lo hypothetical  errorainthe  sample  geomet ry . Since 
Erginsoy  predicts  a tempera  lure-  Independent  mo- 
bility, our  calculated  mobility  Including  neutral 
scattering  was  used  to  check  if  Ihe  above  procedure 
recovered  this  temperature-  independent  behavior 
out  of  the  Involvod  averaging  of  scattering  ttmos. 

By  also  varying  (»,  wo  could  estimate  the  reliabili- 
ty of  ihe  procedure  in  view  of  probable  orrors  In 
geometry,  and  observe  tho  conaoquoneos  of  such 
errors. 

We  have  included  in  this  procoduro  both  Hall  and 
photo-Hall  data,  the  latter  being  taken  at  tempera- 
tures between  1.  5 and  20  K with  300- K background 
radiation,  la>werlomperalurebuuiidsfor  the  valid- 
ity ol  litis  data  arise  in  two  ways.  First,  the  con- 
dition of  the  Born  approximation  used  in  calculating 
the  ionised- impurity- scattering  contribution  moans 
that  we  must  have  (ion  I *>  I,  * whore  k is  the  carri- 
er wave  number  and  a Is  ihe  scattering  length.  For 
silicon,  this  becomes  l£«  l ,jrt  1. 28  x l0,Tt»ii#/»i')^*, 
with  h'  given  by  Kq.  (11).  The  second  requirement 
for  these  data  lo  be  valid  is  that  the  thcrmaU/atlon 
lime  of  the  photooxctlod  carriers  must  ho  much 
shorter  than  the  carrier  lifetime.  Carrier  life- 
times were  determined  for  most  of  these  samples 
from  the  decay  ol  tho  iiholorcHponse  to  a pulsed 
COj  laser.  The  results  ol  these  measurements 
have  been  published.  * We  can  estimate  the  thor- 
mallxalUm  time  for  ••leetrons  tn«-lype  silicon  from 
the  energy  loss  rate  due  to  acoustic  phonon  omis- 
sion. i0  hi  all  cases,  tho  greatest  lower  bound  tn 
temperature  Is  determined  by  considering  (he  prob- 
lem of  the  r mall  rat  tun  lime  tn  comparison  to  life- 
lime.  Data  were  used  only  lor  temperature:,  above 
27’*,  whore  7"  ts  the  temperature  at  which  the  life- 
time and  IhormallxaUon  limes  are  equal,  as  deter- 
mined lor  each  sample. 


Figure  11  shows  the  results  found  for  Si : P 1. 

As  can  be  seen,  the  strength  of  neutral  scattering 
decreases  slightly  from  around  5 to  50  K,  and  then 
increases  rather  sharply  above  50  K,  causing  the 
mobility  (per  scattering  center)  to  decrease.  For 
comparison,  the  calculated  results  found  from  the 
same  procedure  using  the  expression  for  neutral 
scattering  given  by  Erginsoy  are  also  shown.  As 
expected,  very  little  temperature  dependence  Is 
evident  In  the  calculated  curves,  except  at  the 
highest  temperatures  for  those  cases  with  hypothet- 
ical errors  In  samplo  geometry.  It  should  be 
noted  that  in  no  case  will  a fixed  goometrl6al  error 
yield  a lomperature  dependence  similar  to  our  ex- 
perimental results.  U la  also  clear  why  the  com- 
puter fUa  betwoon  20  and  T7  K wore  high  at  tho 
oxtremos  and  low  botweeu  about  25  and  60  K,  as 
wo  have  statod. 

Flguros  12-16  give  the  same  information  for 
samplos  Si : P 5 (marginal  amounts  of  neutral  scat- 
tering), Si : As  1,  St : As  2,  Si ; As  3,  and  St : Sb  i. 

Two  conclusions  can  bo  drawn  by  comparing 
those  figures.  First,  a general  jxiltornof  increas- 
ing mobility  up  to  about  50  K m seen,  followed  by 
a docreaeo  from  60  lo  100  K.  Second,  the  average 
mobility  for  the  arsenic- doped  samples  was  sub- 
stantially larger  than  that  of  either  phospborus- 
or  antimony-doped  samples.  Theso  conclusions 
will  be  discussed  in  Sec.  IV  K. 

IV  COMPARISON  WITH  THEORY  AND  OTHER 
EXPERIMENTS 

A Carrier  CowrMrallcm  Afulydi 

The  principal  advantage  of  our  work  over  the 
earlier  analysis  of  Long  and  Myers u is  that  here 


K!0,  7.  Relative  error  for  Si  • P 6,  with  model  ill, 
Value*  ol  Iho  paramolora  are  llelcd  In  Table  IV. 
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FIG.  8.  Relative  error  for  St:  P 6,  with  model  111. 
Values  of  the  parameters  are  listed  In  Table  IV. 


no  Iterative  procedure  was  necessary  to  determine 
Hall-factor  corrections,  since  our  data  were  taken 
In  the  high-field  limit.  This  independence  of  the 
carrier-concentration  analysis  with  respect  to  the 
mo',  iy  analysis  has  allowed  the  two  methods  to 
be  compared,  rathor  than  seeking  a self-consistent 
fusion  of  the  analysis  as  done  by  Long  and  Myers. 

All  of  the  samples  were  analysed  with  an  activa- 
tion energy  which  was  assumed  to  be  independent 
of  doping  concentration  and  temperature.  This  ap- 
proximation is  valid  at  low  temperatures  for  lightly 
dopcu  samples  without  a large  number  of  coni|M'n- 
aallng  acceptors.  For  more  heavily  doped  samples, 
approaching  the  exhaustion  region  will  appreciably 
lower  the  activation  energy,  although  it  should  be 
noted  that  the  dependonco  of  carrier  eoncentratnm 
on  activation  energy  in  this  region  is  not  strong. 
Early  measurements  by  Pearson  and  Bardeen41  and 
more  recently  by  IVnmW  at. u have  been  analysed, 


FIG.  9.  Hall  fueler,  at»  measured  d Sou  and  ituuuot; 
for  SI  I*  *».  Data  taken  with  20  mm  i;  were  tvM  In  ihr 
low-field  limit  Ik* low  about  160  K.  t .deviated  rur\t‘*  u| 
the  Hill  factor  are  model  Ha)  «hownni  dashed  line,  mi  Kiel 
111))  shown  a*  dnah-dol  line,  model  111  shown  a*  solid 
line.  Parameter*  ua«i  foi  the  calculation  are  given  in 
-Tables  III  ami  IV. 


FIG.  10.  Experiments!  data  points  at*d  calculated 
mobility  curve  for  Si : P S.  Experimental  data  include 
photo-Hall  measurements  (solid  ctrcleal  below  20  KwMch 
wore  not  Included  In  the  fitting  procoduroa.  DovtaUon 
botwoon  iho  data  and  calculation  below  10  K occurs  be- 
cause tho  phoiocxcited  carrlors  are  no  tonger  able  to 
completely  thormslUe  ai  tho  loweat  temperaturea.  Pe- 
rametera  from  Tnblc  III  are  used  for  tho  calculation. 
Figure  s show*  the  details  of  the  dlffcronce  botweoa  cal- 
culation und  data  above  20  K. 


following  Debye  and  Conwell0  with  tho  activation 
energy  assumed  lo  be  related  to  tho  total  ionized 
impurity  concentration  St  * ♦ ;t  as 

*WV®>  -«N}'\  (18) 

where  o was  determined  by  IVntnef  af.  to  be  3.  6 
^ 10  * ev  cm,  giving  an  activation  energy  of  zero 
for  phosphot-us  impurities  at  a concentration  of 
2 * 10“  cm’*.  If  we  use  this  value  of  a to  compute 
the  lowering  u|  iho  activation  energy  In  the  freeze- 
out  region  (or  our  purest  samples,  81 : V 5 and 
8t : P ti.  wiih  about  8 * 10K  cm**  acceptors,  we  find 
a calculated  shift  of  nearly  1 meV.  If  we  add  this 
to  the  values  of  Kt  determined  in  Table  l for  these 
samples,  we  find  A,t0)  to  be  about  40.  3 mcV. 

Since  Hus  is  larger  than  the  optical  activation  en- 
ergies found  by  Aggarwal  and  Ramdas44  in  accor- 
dance with  the  recent  theory  of  Faulkner44  (46.  53 
me  Vi,  there  is  some  doubt  as  lo  the  validity  of 
Kq.  (18)  at  these  low  concentrations.  Benin*/ of, 
also  give  an  expression  for  the  variation  of  Et  with 
the  principal  d-jpunl  density,  and  this  gives  negli- 
gible reduction  in  activation  energy  for  these 
lightly  doped  samples,  since  it  Involves  a term 
proport toiui  iur,,<  **,  where  »4  is  tho  average 
sfucing  iHjtween  donors,  namely,  r4*  {3/4«ftf4)wl, 
and«*  is  the  effective  Bohr  radius.  Another  a|>- 
proaeh.  taken  bv  Neumark, 44  basically  involves 
the  effect  of  screening  by  impurities  on  the  actlvt- 
tn»r.  energ\  Has  depends  only  on  the  ionized- 
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TABLE  V.  Comparison  of  the  compensation  densities  fit  from  two  different 
formulas  for  ionlzed-impurity  scattering,  as  given  by  Brooks,  Herring,  and 
Dingle  IBHD)  and  by  Samoilovich  el  ol.  (SKD1). 


Sample 

from 

carrler-conc. 
analysis  tem*3) 

N€  from 
mobility 
analysis 
(cm’*) 

Theory 

A 

G 

Stand, 
dev. 
of  m 

dcr1) 

Si:  P 3 

2.1x10“ 

1.49X101* 

BHD 

1.6* 

1.12 

1.5 

1.53xlOn 

BHD 

2.0* 

1.12 

1.5 

1.55x10** 

BHD 

2.4* 

1.12 

1.5 

2. 04  x 10** 

SKDI 

1.6* 

1.12 

1.1 

Si:  P4 

2.0X1011 

1.43*  10*4 

BHD 

1.6* 

1.12 

O.S 

1. 46x  10“ 

BHD 

2.0* 

1.12 

0.5 

1.49x10“ 

BHD 

2.4* 

1.12 

0.5 

1.93x10** 

SKDI 

1.6* 

1.13 

0.7 

SJ:  P 5 

8.8x10“ 

6 . 97  x 10** 

BHD 

2.0* 

1.00“ 

0.5 

8.40x10** 

SKDI 

1.6* 

1.00* 

0.5 

Si:  P 6 

7.7x10** 

6.32X10** 

BHD 

2.0“ 

1.00* 

0.7 

7.56x10** 

SKDI 

1.6* 

1.00“ 

0.9 

Si : Aa  2 

1.3  x lo“ 

2.52X10“ 

BHD 

6.3* 

1.04 

1.2 

3.02x10“ 

SKDI 

5.3* 

1.01 

1.9 

5.20x10“ 

SKDI 

31 

0.95 

1.0 

*Valuo  fixed. 


Impurity  concentrations,  to  first  order,  and  gives 
a reduction  in  tho  activation  energy  of  approxi- 
mately 0. 3 meV  at  30  K for  phosphorus  Impurities 
with  sample  concentrations  representative  of 
St : V 5 and  Si : P 6.  Even  this  modest  decrease 
in  activation  energy  is  sufficient  to  imply  a value 
of  Rt\Q)  greater  (Ion  the  optical  results,  although 
the  discrepancy  is  certainly  small.  In  spite  of 
tho  uncertain  nature  of  thot»o  calculations,  we  coin 
jaro  in  Table  VU  the  value  of  K,(0)  calculated 
from  Kq.  (18)  and  from  the  expression  given  by 
Neumark,  0 namely, 


s'-n 


(10) 


whore  we  have  assumed  that  « «N,  over  the  tom* 
peraturc  range  for  which  the  computer  fit  of  Et 
ts  established  most  critically,  and  that  tho  Im- 
purity tons  aro  not  mobile;  l.e.,  In  Eq. 

(13)  of  Hof.  40.  Equation  (19)  was  evaluated  at 
30  K.  a temperature  characteristic  of  the  expo- 
nential freeao-otit  region  measured.  As  can  be 
seen  from  the  comparison  of  the  two  results,  both 
give  reasonably  consistent  values  among  the  sev- 
eral samples  of  phosphorus  - and  arsenic -doped 
crystals,  although  the  two  theories  disagree  by 
about  0.  5 meV.  In  all  cases,  the  theory  of  Ncu- 
mark  gives  results  closer  to  the  optical  activation 
energy.  We  a**  necessarily  reluctant  to  conclude 
much  more  (ban  this,  since  a meaningful  test  of 
this  problem  would  require  more  heavily  doped  and 
some  heavily  compensated  samples,  which  we  lave 
not  meusuied. 


TABLE  \l.  Iteinilts  of  filling  ihe  mobility  for  samplca  having  significant 
amounts  for  nmilral-lmjwrUy  scattering  using  ihe  Krglnauy  formula  |Kq.  tail. 


Sample 

,V 

tonfV 

A 

G 

Stand,  dev. 
nf  (11 
1 10**1 

Cwnpenaatlon 
ratio  N,/ Nt  * 

SI  1M 

4.1  • lo“ 

1.6 

1.00 

5.1 

0.00044 

SI . A*  1 

0.11  » 10** 

6.9 

1.04 

3.1 

0.00043 

S|  Aa  2 

4.3  < 10** 

11.7 

0. 90 

1.1 

0.0055 

SI  As  3 

I.XxlO11 

0.2 

0.74 

2.9 

0.00024 

SI  Kb  1 

5. 3 « 101* 

1.5 

1.11 

5.0 

0. 00072 

“Values  flacd. 

\v4  and 

V,  from  Table  1. 

IMPURITY  AND  LATTICE  SCATTERING  PARAMETERS  AS... 


5643 


PIG.  11.  Temperature  depcndo-ice  of  the  neutral-im- 
purity scattering  mobility  for  St : P l (normalized  to  unll 
density  of  noutral  tmpurttle*)  shown  on  solid  clrcloe, 
as  calculated  from  Eq.  U7>.  Solid  curve  shown  for  ihe 
same  procedure,  but  with  the  measured  mobility  replaced 
by  the  mobility  calculated  with  Krgtnsoy’s  formula, 
with  A « 1 . C and  G»  1. 0.  Other  values  of  0 are  tltw  shown 
as  dashed  linos. 


In  Ihc  two  cases  In  which  we  allowed  .S\.  lo  vary 
In  fUtlng  Si : P 5 and  SI : P «1,  the  results  agruo 
vory  woil  with  the  calculated  values.  This  is  ««>t 
unexpected,  but  Is  a satisfying  check  on  our  pro- 
cedure. 

P Mobility  Anslym  Gtnenl 

Wllh  ihe  exception  of  neutral -impurity  scatter- 
ing In  ii -type  silicon  samples,  we  have  shown  that 
the  general  procedure  outlined  by  Herring  and 
Vogt*  can  be  made  lo  give  very  accurate  results  w 
With  a more  suitable  expression  for  mutr.il- im- 
purity scattering,  U is  expected  thal  the  mobility 
can  be  calculated  lo  within  a few  percent  between 


FIG.  1.1.  Same  as  Fig.  11,  for  SI:  A«  1,  with  calcultl.- 
og  curveH  lor  A -5.0. 


20  and  300  K for  doping  levels  less  than  lO^-IO1* 
ctr.'V  In  addition,  Ihe  Hall  factor  can  also  be  cal- 
culated to  about  this  same  lovol  of  accuracy.  Con- 
verst  ly,  the  accuracy  of  the  mobility  formulation 
permits  us  to  determine  tho  compensation  density 
if  the  strength  of  the  ionUed- impurity  scattering 
is  at  least  eomjiurable  to  thal  produced  by  neutral 
impurities.  This  may  bo  especially  useful  If  un- 
compensated impurities  of  two  lypos  are  present; 

**•  g-  ■ Where  the  assump- 

tion of  an  equation  of  the  form  of  Eq.  <2)  would 
give  ambiguous  results.  The  usefulness  of  such 
an  alternate  approach  has  boon  demonstrated  by 
an  analysis  of  impurities  tn/Mype  germanium, w,<* 

I'  iattict  Sc»»(fdn| 

!l  is  «f  interest  to  first  review  the  present  un- 
derstanding of  this  subject,  as  regards  the  various 


Kill.  12.  Same  as  Mg.  It,  f»»i  Si  1* 


«*l  iurvcf  (i>i  A *>. 
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FIG.  15.  Same  aa  Fig.  11,  lor  SI:  As  3,  with  calculat- 
ed curves  tor  A~5.0. 


types  o{  Intervalley  scattering,  and  the  basis  upon 
which  soveral  views  have  been  adopted.  Informa- 
tion on  this  subject  has  been  sought  In  a number  of 
ways;  by  theory,  calculating  the  allowed  tntervalley 
transitions,  and  In  principle,  the  matrix  elements 
for  those  transitions;  from  experimental  observa- 
tions, Including  optical  phenomena  such  as  photo- 
conductivity spectrum,  hot  oloclron  effects  in 
which  Intorvalley  transitions  arc  important  in 
balancing  energy  gained  from  the  electric  Held, 
and,  as  In  our  present  case,  from  Ohmic  mobility 
or  other  transport  phenomena. 

The  allowed  transitions  (or  intorvalley  scalier- 
mg  have  recently  been  agreed  u|xm  by  Hu*  princi- 
pal authors  who  have  concerned  themselves  with 
those  calculations.  As  summarized  by  Sireitwolf.*0 
and  agreed  upon  by  Lax  and  Birman.  v‘  the  allowed 
electron  one- phonon  selecUon  rules  permit  U)tf- 
type  transitions  lat  0.  34A'),  and  LA  TO /-type 
transitions  (at  S on  I he  phonon  ttrlUouln  zone  face). 
The  characlerlsllc  temperatures  and  energies  of 
these  jihonuns  are  1-0  (720  K,  62  mvV),  LA(560  K, 
48  meV),  and  TO  (6B0  K,  59  moV).  U Is  to  bo 
noted  Dial  In  this  respect,  no  low- energy  phonons 
are  possible.  An  earlier  misunderstanding  con- 
cerning (he  selection  rules  had  indicated  that/? -type 
tA  phoixms  would  be  allowed,  such  phonons  having 
energy  21  meV  (240  K).  Also  specifically  forbid- 
den are  /-type  TA  phonon  transitions,  hi  view  of 
recent  work  in  lnSb"  and  Go.  M,M  however,  It  is 
important  to  keep  In  mind  that  although  TA  /-type 
and  LA  a* -type  transitions  are  forbidden  when  con- 
sidering a one- phonon  collision,  such  restrictions 
may  not  apply  when  other  processes  are  considered. 
Recent  evidence  uf  (wo- phonon  Raman  spectral 
lines  in  silicon,1*  Involving  TO  and  TA  phonons, 
has  shown  Rut  mull l phonon  processes  are  probably 


very  important.  The  experimental  data  on  Si : P 6 
are  presently  being  reanalyzed  with  two-phonon 
terms  included. 54 

The  experimental  analysis  of  inter  valley  scatter- 
ing began  in  I960  and  immediately  established  two 
opposing  schools  of  thought.  Dumke,  M analyzing 
the  radiative  recombination  data  of  Haynes  et  a/.,51 
found  contributions  from  23-meV  phonons  (pre- 
sumed to  be  *-type  0. 36X)  and  46-meV  pho- 
nons {/-type  LA  at  S)  which  he  assumed  were 
due  to  intervalley  scattering.  Evaluating  the  matrix 
elements  he  found  A- type  scattering  to  dominate 
over  / type  by  a factor  of  2.  5 to  1 at  room  tempera- 
ture. The  opposite  conclusion  was  simultaneously 
reached  by  Long1  from  his  analysts  of  mobility.  Long 
found  the  higher-temperature  phonon,  in  this  case  54 
meV  (an  average  of  TO,  1/3,  and  LA  / type),  to  be 
dominant  in  the  scattering  of  electrons,  compared 
to  a representative  low-temperature  phonon  of 
16  meV.  In  this  case,  with  Long’s  coupling  con- 
stants, /-type  scattering  (high-temperaiurc  pho- 
nons) dominates  a type  at  room  temperature  by  a 
ratio  of  more  than  5 to  1,  although  the  contribution 
duo  to  acoustic  mode  intra valley  scattering  is  as- 
sumed to  be  more  important  in  Long’s  analysis 
than  in  Uumke’a. 14  This  Interesting  controversy 
was  then  taken  up  by  Aubrey  el  al.  using  ptezoro- 
sistance  and  piezo*  Hall  offcct  data.  Their  work 
supi>ortod  Long,  in  that  the  room -tempo raturo 
ratio  of  zero  to  natural  ion  resistivity  could  be  cal- 
culated more  accurately  with  the  couplbig  constants 
determined  by  I*ong. 

Andie  vl  a /.M  introduced  a new  iwtst  into  this 
situation  on  the  basis  of  hoi  electron  experiments. 
From  their  data  they  claim  to  have  shown  that  a- 
lypo  senile  ring  Is  dominant  over  / type,  but  assume 
that  a -type  scattering  can  occur  with  both  high- 
and  low -temperature  |diomms.  Thus,  using  a high  - 
temperature  phonon  of  62  meV,  they  fit  their  data 


Fits.  Ifi.  Same  aa  Fig.  II,  for  SI  Sb  I.  with  calculat- 
ed curve*  lor  A - 1.3. 
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TABLE  VII.  Comparison  ol  calculated  activation  energies,  in  the  limit 
of  vanishing  impurity  concentration,  for  two  theories,  Penfn  et  al.  (Ref.  42) 
and  Neumark  {Ref.  47). 


Sample 

E4  from 
expt. 
(meV) 

Penln  et  al. 
E4(0)  from 
Eq.  (18)  (meV) 

Neumark 
£*(0)  from 
Eq.  (19)  (meV) 

Optical  value 
of  £a(0)  (meV) 

Si:  P 1 

45.64 

46.37 

45.90 

Si:P  3 

45.14 

46.43 

45.72 

SI:  P 4 

43.39 

46.04 

44.95 

45.53* 

St : P 5 

45.38 

46.31 

45.75 

Si : P 5 

45.42 

46.32 

45.74 

St : Aa  1 

53.64 

04. 46 

54.01 

St : As  2 

52.54 

54.13 

53.51 

53.73* 

St:  As  3 

52.52 

53.71 

53.14 

SI : 8b  1 

42.59 

43. 38 

42.86 

42.73* 

Value  taken  from  Aggarwal  and  Ramdaa  tRcf.  44),  but  with  corrected 
value  of  tho  activation  energy  of  the  3P,  state  aa  calculated  by  Faulkner  (Rof. 
45). 


with  a coupling  constant  for  this  phonon  of  3.0. 
and  chose  tho  low -temperature  phonon  coupling 
constant  an  ordor  of  magnitude  smaller.  This  re- 
sult Is  not  particularly  Inconsistent  with  Long,  in 
that  mobility  data  cannot  distinguish  an  /-type  from 
a jMype  process,  but  is  contrary  to  Dnmkc.  since 
the  high  ^temperature  jitonon  was  found  to  dominate 
over  the  low -temperature  one. 

A rcunalysls  of  radiative  recombination  data  a.v 
measured  by  Dean  W u/.*1  was  made  bv  Kull.ui«l.w 
His  Initial  result  reported  in  1068  gave  further  sup 
port  to  the  contention  of  Long  that  the  high*  r- tem- 
perature Inter  valley  phonon  processes  were  dmm- 
nant.  In  this  case,  Foil  and  found  coupling  cm 
Blanl  values  for  three  modes;  0.44  tor  a ?3-meV 
phonon,  0.06  for  a 40-meV  phonon,  and  1.5  ( >r  a 
0Z»meV  phonon.  A nut  re  refined  resi-li.  given  n* 
1970  by  Kolland, n gave  slightly  larger  contribu- 
tions of  the  low-temperature  fihnnon.  now  cHitmatiHl 
to  be  25  meV.  Use  of  these  refined  coupling  cm  • 
slants  made  U possible  to  reproduce  the  mobtlttv 
data  to  an  accuracy  *>f  alxiut  8'(  between  lilo  and 
300  K.  An  important  consideration  in  attempting 
to  understand  this  w«»rk  is  that  h >11  and  used  nclce- 
tlon  rules  permitting  c-type  LA  plenums  t?!>  mrV 
al  0.40A*).  This  was  base!  on  the  earlier  re-mlu 
of  Lax  and  Hopfleld,*1  ami  shown  to  In*  incorrect 
by  Slrcitwolf. 10  However,  further  evidence  fur  i 
transition  Involving  phonons  of  about  this  same 
energy  was  reported  by  Onion*4  In  I960. 

The  experiments  of  Onion  wer«  based  •«»  a pre- 
diction by  Stocker**  that  tnlervulley  scattering 
transitions  would  be  evident  tit  tin*  spectral  r« 
spouse  of  extrinsic  photoconductivity.  Stocker 
predicted  dips  In  the  photocurrent,  corrcsjxunii-g 
to  Intervalley  transitions  from  state**  high  in  tin 
conduction  band  of  one  valley  the  bottom  of  'he 


band  In  another  valley.  Since  the  carrier  lifetime 
is  much  shorter  for  carriers  near  the  bottom  of 
the  band,  such  transitions  should  reduce  the  photo - 
current.  Onion  found  such  dips  corresponding  to 
energy  transitions  of  2?  and  47  meV  aa  analysed 
by  Stocker’s  model.  The  magnitude  of  the  dip  was 
assumed  to  is*  indicative  of  the  phonon  coupling 
strength,  and  roughly  equal  amounts  of  tf-typo  (27 
me VI  and  / type  147  meV)  scattering  were  pre- 
dicted from  Hu*  data 

Computation',  of  hot  electron  effects  were  made 
bv  mnuerous  authors  around  this  same  time,  In 
certain  rases,  the  coupling  constants  of  Long  wore 
adopted  iJorgeusen  and  Meyer,  ®*  Kawamuru, 41 
•UirgcnM-n/4  Itttsu  and  Nag,”  Holm -Kennedy  and 
Ciitimpliu. ;o  Glushkov  and  Markin11).  while  in  other 
cases  the  coupling  constant  of  Dumkc  and  Onton 
were  used  (Contain  and  Seavo, M Cos  LUO  and  Rog- 
gianl,  n CostaUi.  Koutanesl.  and  Regglanl11),  As 
already  mentioned,  the  conclusions  of  Asche  el  al.** 
and  also  those  of  Heinrich  and  Krlechbaum, 11  did 
not  particularly  supjxjrt  either  view.  We  are  not 
prepared  to  evaluate  the  validity  of  any  of  these 
calculations,  which  have  at  times  concluded  that 
a* - type  scattering  was  dominant  while  other  workers 
found  / -type  sc.»tt«*rtng  more  Important.  Since  the 
experimental  measurement  of  hot  electron  effects 
can  pr^N'r*  ntully  heat  or  cool  certain  valleys  by 
the  choice  of  electric  field  orientation  and  therefore 
provide  lufot matlon  which  ought  to  distinguish  f(- 
type  amt  Mype  scattering  modes,  the  disagreement 
tn  the  Interpretalion  of  this  data  is  probably  duo 
to  the  extremely  difficult  nature  of  the  calculations, 
in  which  various  approximations  regarding  the 
carrier  distribution  function  are  typically  Involved. 
This  subject  has  been  reviewed  recently  by  Con- 
well.  '* 
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TABLE  VIA.  Analysis  oi  the  photoconductivity  data  taken  by  onion  IRef.  35) 
based  on  a proposed  model  In  which  a photon  of  energy  hv  Is  absorbed  at  an 
Impurity  site,  leaving  the  impurity  In  an  excited  state,  accompanied  by  the  emis- 
sion of  an  intervalley  phonon  of  energy  Kw.  The  impurity  is  assumed  to  be  ori- 
ginally In  the  IS  (Ap  ground  Btate. 


Sample 

dip  A 
hv 

(meV) 

IS  (T,) 
Hui 

(meV) 

IS  (£) 
(meV) 

dip  B 
hv 

(meV) 

2P0  dip  C 

fiw  hv 

(meV)  (meV) 

2Pt 

Jfw 

ImeV) 

Sb 

69.4 

59.9 

57.3 

89.6 

58.3  94.7 

58.5 

P 

71.5 

59.9 

58.6 

92.0 

57.9  97.5 

58.4 

As 

80.1 

59.0 

57.6 

100. 9 

58.6  106.5 

59.1 

Impurity  transition  energies 

IS  (A,)  to: 

IS  tT,) 

IS  IE) 

2P. 

2Pi 

Sb 

9. 55* 

12.14* 

3J.26* 

36. 20^ 

P 

11. 82* 

J2.9S* 

34.12* 

39.14* 

Ae 

21 . 09* 

22.50* 

42.26' 

47. 36^ 

Mtoforenco  44,  Table  IV. 
*Roforonce  44,  Figs,  3 and  4. 
‘Roforence  83,  Fig.  1. 


‘‘Reference  44,  Tables  II, 
HI,  and  IV. 


by  the  appropriate  choice  o(  excited- si  ate  tramd- 
Uons,  all  the  observed  dips  in  photoconductivity 
can  be  explained  in  terms  oi  a i>honon  oC  atom  58 
meV.  Our  choice  of  transitions  wan  based  on  the 
work  of  Dean  W n/.*1  in  analysing  recombination 
radiation  effect*  in  which  an  exoiton  decays  in  tlu* 
presence  of  an  impurity,  leaving  the  impurity  m 
an  excited  sl:ne.  To  summarize,  vve  propose  that 
optical  absorption  can  occur  at  an  impurity  site, 
with  the  emission  of  an  optical  phonon  and  (he  si- 
multaneous excitation  of  Uw  impurity  to  an  excited 
state. 

if  the  photoconductivity  experiments  can  be  re- 
conciled In  view  of  the  above  comments,  a prob- 
lem yet  remains  in  the  analysts  nl  radiative  re- 
combination data  made  by  Dumkc  and  Foil  and. 
Their  analysis  has  implied  intervalley  phonons  of 
energy  near  23  meV.  in  contrast  i«  me  27-meV 
pltOnons  claimed  by  Onion  and  Outchar  «•/ «»/.  II 
the  conduction -band  minimum  ts  located  at  0. 8.I.V. 
then  the  Intervalley  g-lype  transit  tons  will  occur 
at  0.34.V.  The  l.A  -phonon  branch  at  this  p«»mt 
gives  an  energy  of  21  no-V.  Tins  i-h  .-.ubslant tally 
less  than  the  energies  found  bv  Onion  and  Uuichar 
e/  «if. . init  clearlv  not  as  far  from  ihe  value  *»f  2:^ 
meV  found  from  the  recombination  tadialion  data. 
Since  the  l. A -phonon  dtsjs’rsion  is  large  m tins 
region,  ll  is  possible  that  recombuiaitoii  radiation 
is  taking  place  with  an  l.A  c-tyjie  phon.m.  bui  it 
Is  unlikely  that  the  preeisuui  involved  in  both  ex- 
periments ciui  reconcile  the  3-4  meV  difference 
in  the  determination  of  this  phonon  energy.  It  is 
not  entirely  clear  Ui  us  how  the  recombination 
radiation  analysis  should  Ik*  modified.  If  «*»-  free- 
electron  approximation  ts  considered  together  with 
■Hw  mlit£  » LA  c-tvoe  miervalli  v 


phonons  cannot  Initiate  the  recombination  process, 
but  perhaps  can  terminate  it  without  violation. 

The  remaining  problem  in  all  this  work  Is  the 
apparent  presence  of  TA  f -typo  scattering,  us 
found  by  Long  and  in  this  Investigation  from  mo- 
bility analysis,  and  considered  important  by  Holm- 
Kenm-dy  and  ChampUn’0  in  explaining  warm  car- 
rier experiments.  TA  Mype  .scattering  is  for- 
bidden by  the  selection  rules,  but  nevertheless 
seems  to  be  present  m weak  amounts.  Even  those 
relatively  weakly  coupled  modes  are  found  list* 
portaitt  for  a complete  explanation  of  experimental 
data;  us  was  shown  in  See.  HI  U.  The  most  amus- 
ing siaiemeni  Dial  could  be  made  to  interpret  these 
results  is  tha*  time  reversal  symmetry  is  broken 
in  silicon,  since  H is  this  condition  which  forbids 
the  TA  process.*0  More  reasonable  approaches 
could  Ik*  pursued  along  the  lines  of  two -phonon 
scattering  to  resolve  this  Issue.  The  negligible 
amounts  of  LA  f-type  scattering  found  in  our  work, 
but  not  expressly  forbidden  by  the  selection  rules, 
also  remains  to  In*  explained. 

For  comparison  and  reference,  we  Hat  in  Table 
IX  the  calculated  values  of  lattice  mobility  between 
10  and  500  K.  using  lattice  parameters  as  analyzed 
from  sample  St  P ft  with  model  111  as  listed  in  Ta- 
ble IV.  Also  shown  are  the  results  of  Long,  as 
calculated  from  his  parameters.  Surprisingly,  the 
mobility  values  are  pulte  different  at  low  tempera- 
tures at  20  KL  This  may  Ik*  due  to  a com- 
bination of  systematic  errors  encountered  by  Long 
tn  correcting  for  the  Hall  factor,  and  the  use  of 
an  Isotropic  scattering  formulation  of  ionized -Im- 
purity sc  altering  based  on  the  Hrooxs,  Herring, 
and  Dingle  equal  urn*,.  which  overestimates  the 
slreuctli  of  tin.'-  i v ik*  of  scaUertm*. 
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TABLE  IX.  Calculated  lattice  mobility  using  parameters 
determined  from  Si:  P 6,  model  in.  and  listed  in  Table 
IV.  Also  shown  for  comparison  is  the  result  of  Long 
(Ref.  7). 


Temperature  <K> 

Lattice  mobility  (cmVv  sec) 
This  result  Long’s  result* 

10 

S . 68  x 10* 

6.74*10* 

20 

2.01*10* 

2.38*10* 

30 

1.09*10* 

1.29*10* 

40 

7.01*10* 

8.23*10* 

60 

3.72*10* 

4.27x10* 

77.5 

2.46x10* 

2.77x10* 

100 

1.59x10* 

1.75*10* 

130 

9.66x10* 

1.03x10* 

160 

6.19x10* 

6.46  <10* 

200 

3.73x10* 

3.81x10* 

250 

2.18x10* 

2.26*10* 

300 

1.43*10* 

1.47*10* 

350 

1.01x10* 

1.06*  10* 

400 

7.48x10* 

7.82*10* 

500 

4.79*10* 

5.07x10* 

•long's  results  have  been  calculated  for  phonon  tempera- 
tures of  «;i0  and  190  K with  coupling  constants  of  2.0 
undo.  15,  respectively.  A value  of  t8*  4.31  * 10**  ace 
was  used  to  give  U»ng's  result  at  300  K tRef.  71. 

t>  lunlml-lmpotil)  Sealifting 

W is  difficult  lo  compare  the  results  of  U. ms  and 
Myers i!  with  Ihls  present  analysis,  since  they 
assumed  isotropic  scattering  by  Ionized  Imjwritles. 
and  we  have  not  assumed  this  to  Ik*  the  ease.  How* 
over,  we  did  find  in  comparing  the  theory  of  Brooks. 
Herring,  and  Dingle  with  that  of  .Samuilovich  rf  <i/. 
that  the  former  overestimated  the  strength  of 
ton l/ed- impurity  scattering  when  it  was  substituted 
Into  the  prescription  given  by  Herring  and  Vogt. 

This  is  why  a larger  value  of  coupling  constant  for 
low -temperature  Inter  valley  phonon  scattering  ts 
obtained  In  model  II,  Table  II.  when  .V,  Is  fixed 
rather  than  varied.  Extra  Iniervaltey  scattering 
was  preferred  in  this  ease,  since  the  relative  mo- 
bility at  iow  temperatures  was  enhanced,  in  part 
compensating  for  the  overestimate  of  ionized -ini  - 
purity  scattering.  The  values  of  n , found  under 
these  circumstances  are  nrurlv  Identical  to  the 
value  del.  rmlfted  by  Long,  and  in  this  respect  our 
conclusion  that  i« , should  be  atsmt  half  the  value 
found  by  Long  can  In-  understood. 

A handicap  of  our  work  ts  that  more  heavily - 
doped  heavily .etiiepeiisaled  samples  were  not  mea- 
sured. so  that  a test  of  ionized -Impurity  scalier- 
tng  could  not  is*  made  under  conditions  where  this 
type  of  scattering  dominated  the  mobility.  Keeping 
in  mind  the  restrictions  imposed  by  remaining  in 
the  high -magnetic  -field  limit,  so  lhal  Hall -factor 
corrections  are  unnecessary,  it  should  be  jsisf.ible 
to  measure  somewhat  more  heavily -doped  sam- 


ples in  this  same  way. 

Rode2*  has  lately  criticized  the  use  of  the  spheri- 
cal band  approximation  for  calculating  ionized - 
impurity  scattering  in  germanium  and  silicon.  We 
believe  the  failure  of  his  calculation  to  describe 
accurately  the  mobility  of  electrons  at  300  K for 
"free  carrier  concentrations"  between  10lfl  and  1019 
cm'*  is  more  complicated  than  a simple  inadequacy 
of  ionized-impurity  scattering,  whatever  the  for- 
mulation. Redfield  and  Afromowitz**  have  recent- 
ly shown  that  the  screening  approximations  are 
invalid  in  the  temperature  region  and  impurity 
concentration  region  calculated  by  Rode.  More 
Important,  we  feel,  is  the  questionable  association 
of  free -carrier  concentration  with  impurity  con- 
centration and  the  omission  of  neutral -impurity 
scattering.  For  silicon  impurities,  even  assuming 
a concentration -dependent  activation  energy,  we 
find  that  far  from  all  the  impurities  are  Ionized 
at  300  K.  For  a value  of  o given  by  Penin  el  al. 
and  a concentration  of  phosphorus  Impurities  of 
3*  10,T  cm'*,  we  find  33%  arc  un -ionized  at  300  K. 
With  Erglnsoy‘8  formula,  and  A - 1,  we  find  the 
neutral  scattering  strength  is  nearly  twice  that  of 
Ionized  impurities  at  300  K.  Extending  our  cal- 
culations to  higher  concentrations  of  St  we  can 
achieve  a result  exactly  opposite  lo  that  of  Rode, 

In  that  the  mobility  we  calculate  for  zero  compen- 
sation is  less  than  indicated  by  experiment.  From 
this  tl  is  clear  lhal  a very  careful  treatment,  in- 
cluding the  possibility  of  revising  the  screening 
formulas.  Including  neutral  scattering,  and  taking 
Into  account  not  only  the  temperature  dependence 
of  the  impurity  activation  energy,  but  the  eventual 
formation  of  an  impurity  band  and  the  need  for  de- 
generate statistics,  is  required  to  make  reliable 
calculations  in  Ibis  heavily  dojjed  region. 

To  emphasize  the  above  point,  we  have  plotted 
in  Fig.  17  the  calculated  mobility  between  donor 
concent  rations  of  10**  and  10**  cm**.  with  A * 1.0, 
and  the  carrier  concent  ration  evaluated  with  oil 
activation  energy  d-j>endent  upon  S,  as  In  Kq.  (181 
Also  shown  are  the  partial  mobilities.  |if  and  j;* 
for  Ionized  and  neutral  scattering.  As  can  be  seen, 
at  the  highest  concentration  of  donors,  neutral 
rather  than  Ionized  scattering  ts  dominant.  Whether 
this  is  true  In  reality  Is  not  ,-lear.  since  al  300  K 
the  partial -wave  theory  is  probably  not  accurate 
in  calculating  the  strength  ol  neutral  scattering. 
Nevertheless,  the  mobility  calculated  by  this 
assumption  is  tn  good  agreement  **Uh  the  drift 
mobility  as  summarized  by  Sze  and  Irvin1*  near 
concentrations  «»f  10“  cm'1.  To  complete  this 
comparison,  we  graph  the  calculated  values  of 
resistivity  as  a function  oi  donor  concentration  tn 
Fig.  18.  along  with  the  curve  given  by  Irvin,  Also 
shown  are  the  values  of  resistivity  for  the  samples 
measured  in  this  investigation.  Figure  10  shows 
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FIG.  17.  Electron  mobility  tn  n-tyj uj  silicon  as  a func- 
Mon  ol  donor  concentration  at  300  K,  as  calculated  (mm 
tho  equations  presented  In  the  text.  Alan  shown  are  the 
partial  mobilities  for  fcwued  tdnahccl  lln»>  and  neutral 
(dash-dot  line*  impurity  scattering. 

lliv  Hull  (actor  calculated  a*  a function  of  donor 
concentration.  Tho  values  calculated  for  this 
contjuriaun  arc  listed  tx»  Table  X. 


pH,.  1*.  Calculated  rr*i*Uvm  >aiu«»  a*  «rt- 

compared  «ith  the  curve  tntn  Hlel.  t‘M  '*  * 
<u,uMt«D  ol  donor  concent  ratio’,  at  i"..  k IjI-cM  j#  »*•■* 
ahou  the  expert  mental  l\  determined  values  *•**•  • 

pie*  measured  in  this  work,  r Ire  tea.  »Mle  **».-  *»»->*■•  at 
square  data  point*  for  St  1*  3 and  Si  V i giv 
(Ml)  a*  corrected  by  the  Uct*»r  given  »I>  laMr  \ 
Accurate  geometry  correction*  n*uld  not  Iw  made  (or 
tbl*  more  heavily  dojuul  aaniple*  *»udird,  atm*  neutral 
impurity  acalterlna  "*•  linj«-i iai.1,  init  n«t  o il  • haraviei 
tied  In  theor> . 


FIG.  19.  The  Hall  factor  as  a function  of  donor  con- 
centration, aa  calculated  at  300  K. 


t Neutral- Impurity  Scattering 

Tho  most  serious  discrepancy  between  experi- 
ment and  present  theory  is  evident  in  the  measure- 
ments of  neutral- Impurity  scattering.  A part  of 
this  problem  can  be  resolved  In  the  theory  given 
by  Sclar, * which  included  the  possibility  of  bound 
stab's  m the  electron- hydrogontc  impurity  scatter- 
ing problem.  This  was  originally  suggested  by 
Ansel’ m,  •*  by  noting  that  hydrogen  can  have  a 
hound  state  for  two  electrons.*  Sclar’s  calculation 
of  this  effect  gives  a mobility  which  varios  as  Txn 
(or  i T above  the  binding  energy  of  this  two-eloc- 
troit  bound  state.  The  data  presontod  in  Pigs. 

1 1-  18  show  such  a dependence  up  to  50  K.  If 
values  appropriate  (or  silicon  arc  substituted  into 
the  expression  given  by  Sclar.  the  result  Is  not  in 
very  good  agreement  with  the  data,  although  the 
qualitative  features  are  observed.  A comparison 
of  Krgimmy’n  expression  and  lhal  given  by  Sclar 
is  shown  m Kig.  20.  Rata  from  SI  :Sb  1 have 
tiwn  included  for  reference.  Examination  of  tho 
(or inula  given  by  Sclar  shows  licit  more  quantita- 
tive agreement  would  be  found  for  a woakor  binding 
energy  «>f  the  second  electron  at  the  impurity  cen- 
ter. This  conclusion  is  in  conflict  with  the  de- 
lei  tarnation  of  the  binding  energy  of  such  centers, 
as  measured  by  I Van  rial. " and  by  tierahenson 
« i <if. but  in  agreement  with  recent  work  by 
ThornUm  ami  Itonift."  We  have  also  plotted  the 
curve  f«»r  a choice  of  \ h't,  where  IfJ  Is  the  binding 
energy  *»(  tb«*  seomd  electron  *l  the  impurity  cen- 
ter. as  predicted  by  the  hydrogenic  scaling  model. 
Whether  fitting  the  value  of  to  the  measured 
mui-tlil)  <tata  delermme  this  quantity,  a«  sug- 
gested by  Sclar.  gives  a reasonable  estimate  is 
ujx’ii  t*i  question,  considering  the  difference  in 
this  binding  energy  determined  by  other  methods. 

It  ik  als»  |»*sMhle  Hut  a careful  reexamination  of 
;;,e  model  > til  give  better  results,  but  the  con- 
,-Iummi*  • tins  must  aw  all  such  calculations.  It 
IK  encouraging  to  see  that  the  general  Increase 
tn  neutral  imdnlilv  up  to  50  K can  be  accounted 
f.»r  by  such  a model.  Much  more  recent  calcula- 
.,f  neutral  impurity  scattering  at  low  lorn- 
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TABLE  X.  Calculated  carrier  concenti ation  and  transport  properties  as  a (unction 
of  donor  density  at  300  K. 


Donor 

density 

lem*3) 

Carrier* 

cone. 

•cm"1) 

Mobility 
fcmVv  sec) 

Resistivity 
(0  cm) 

Kail 

factor 

Partial  mobilities 
<cm2/V  sec) 

lxi0a 

0.99XX011 

i .43  x 10s 

4.38  x10s 

1.15 

3.69  x 10* 

4.79*10** 

3*10,J 

2. 99  x XO*5 

1.43x10s 

1.46  x10s 

1. 15 

1.37  <10- 

6.64x10*° 

lxi0u 

9.99SX011 

1.43X101 

4.39x10* 

1.15 

4.49x10'* 

6.53  x10s 

3xlOu 

2.99X1014 

1.4'ixlo1 

1.47x10* 

1.15 

1.64x10* 

7.45  <10* 

lxiO14 

9.94xl0M 

1.40x10s 

4.49x10° 

1.14 

5.48x10s 

7.83  <10* 

>X10U 

X.98xX0*s 

1.38x10* 

2. 28 x 10° 

1.13 

2.95  x10s 

2.i'S*107 

o*10w 

4.89x10** 

1.34  x10s 

9.54x10** 

1.11 

1.32x10* 

3.  58*  10* 

1 *10W 

9.61x10** 

1.29x10* 

5.  05 x 10*‘ 

1.09 

7.29x10* 

9.85  * 10* 

2x10m 

X.86XX0** 

1.22x10* 

2.75x10'* 

1.08 

4.12x10* 

2.82X10* 

3x  »0U 

2.72x10** 

i . n x io* 

1.97  x 10*' 

1 07 

2 . 90  -<  10* 

1.39*  10* 

5x10** 

4.35x10** 

1 . 09  x 10s 

1.32x10*' 

1.05 

2.03  » It)4 

5.95*10* 

J x 10u 

8.01x10** 

9.51x10* 

8.21x10** 

1.03 

1.24*  10* 

1.92x10* 

3*t0,r 

2.1)0x10** 

6.67  <10r 

4. 69  x 10** 

1.00 

6.14  x 1 0* 

3.82x10* 

5 x 10,? 

3.0U*10*? 

5. 21  x 101 

4.00x  10*1 

0.98 

4.59x10* 

1.91x10* 

1 < 10u 

5. 12  * XU1* 

3.41x10* 

3.58X10*2 

0.98 

3.18*10* 

7.86  X 10* 

Varrter  concet  (ration  is  calculated  with  a ground-state  activation  energy  according 
to  Eq.  (18),  with  o--3.G<li.**  eVcm.  The  structures  of  IS  (T;)  uiul  IS  U?)  states,  and 
the  excited  suites  given  In  Eqs.  12)  and  13),  are  assumed  to  move  tmvnrds  or  even  Into 
the  conduction  twit.  I,  keeping  the  same  spacing  relft'tvf  to  the  IS  <A()  ground  state.  An  Itera- 
tive procedure  Is  used,  with  chosen  htiiallv  as  45.4  meV.  The  value  ol  n deter- 
mined (rum  this  assumption  ta  substituted  lulu  Kq.  Hs>  to  give  tt  new  value  of  Kit  awl 
the  procedure  is  related  unit!  r*  changes  by  less  than  >mo  part  In  1 o'1. 

N'heso  values  of  are  determined  from  the  relaxation  limes  given  by  Stmudiovleh 
el  of  (Hefs.  4—0)  given  in  Kq.x.  U.M-U'd,  and  are  used  to  calculate  the  nmbtllty  ana- 
lytically in  this  case  with  the  usual  approximation  that  the  logarithmic  term  and  the  terms 
and/?,  are  Inkerumtside  the  integral  andevaluated  at  \ .i 

‘ The  neutral-impurity  mobility  values  are  calculated  from  Erglns««v  dlef.  si  with 
A 1,  Thus,  p*  - 3 . a * lu-°  ,Vv  cin:  V sec.  We  chose  n value  ot  unltv  for  A so  that  the 
dala  would  coincide  exactly  with  the  Krgbumv  equation,  . Ithongh  at  :M»o  K the  approxi- 
mation use*)  by  Krgtnsoy  ip  n»»  longer  valid.  An  aliemaie  expression,  given  b\  Sctur 
Utef.  tP  using  the  lw»rn  approximation.  gives  i»*  - 1.5*  |e:‘  ,V#  nil'  V sev  al  :uiu  K. 
Neither  approximation  la  valid,  however,  since  I kit , ••  ) for  silicon  at  aim  K.  The 
Horn  approximation,  awl  our  experimental  data  near  too  h.  Indicate  that  perhaps 
evm  larger  neutral-lmpurlti  aeattoring  contributions  ma\  occur  lhau  are  Indicated 
above. 


peratureH  have  been  announced  by  HUgoskl  i.skaya 
« / d/.**  They  find  4 decrease  in  Wm  mold  Illy  at 
btw  temperatures.  but  a temperature*  Independent 
iivditltty  at  higher  temperature*.  J&irh  a dependence 
is  nut  hu|)|s»HimI  by  «»ur  data.  Since  both  the  cal- 
culation* »f  Sclar  ami  HUgoskbmskaya  »‘f  «»f.  take 
remmani  si  alter  ing  into  account.  » is  not  apparent 
why  different  dej*emlencics  ut  temperature  exist 
m tbetr  result1*. 

bi  all  Maniples  we  ha\«-  seen*  noticeable  decrease 
in  the  neutral  *ttv  mobility  l«»r  temperatures 
above  50  K.  .♦  i in  Ktgs.  M- 16.  A natural 
ex|>j4iutlob  ■ can  be  found  if  one  considers 
iiieiantu'  r»i  • tmiween  eb  ilrmiH  and  neutral 
donors  Suet,  olmions  can  result  m energy  l nuts  - 
fer  to  the  don-r  idipuiin.  leaving  It  in  an  excited 
slate  or  e\»n  n«u/ed.  1‘he  minm.um  carrier  en- 
ergy f<»i  wlntb  Ibis  »-an  «*ecur  is  given  by  the  split- 
ting of  Hu  |.S  Htates.  Ihus,  for  antimony  and  phos- 


phorus. about  12  moV  is  re«iutred,  while  about 
2l  meV  is  needed  for  Hum  transttlun  in  aratmiC- 
dojied  samples.  Since  the  decrease  observed  be- 
gins at  alm-.rt  50  K.  for  phoHphorun  ami  antimony 
tmpurUb'K  theefb  ct  is  accounted  for  with  carriers 
at  about  3k Tor  more.  Tor  arsenic  impurities, 
the  carriers  would  need  (u  tie  tW'7‘.  Since,  how- 
ever, the  mobility  is  larger  in  arsenic- doped 
samples  at  50  K.  it  could  be  argued  that  for  this 
impurtly  a smaller  effect  will  be  more  noticeable 
than  in  Urn  phosphorus-  and  antimony -doped  sam- 
jiles  which  liave  lower  mobilities  at  the  same  tem- 
pera'U'v.  Another  way  m which  the  mobility  can 
be  lowered  al  high  i cm  jx'ra  lures  is  seen  by  also 
considering  U-»  relative  populations  of  neulral 
d*m»rs  in  Hie  IN  U,l  slate  totnjwred  to  higher- 
energy  is  states  if,  amt  b ).  Since  the  population 
of  these  higher  states  will  In1  significant  above  50 
K.  It  ih  < xiHcted  that  this  will  also  lower  the  mo- 
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FIG.  20.  Comparison  of  neutral-impurity  mobility 
(for  unit  density)  between  Si : Sb  1 (Fig.  16)  and  the 
thoory  ol  Sclar  (Ref.  9),  caloulatod  for  two  choicou  of 
the  binding  energy  of  tho  second  electron  at  a donor  Im- 
purity. The  solid  line  shows  Solar’s  theory  with  tho 
binding  energy  of  tho  second  electron  scaled  from  tho 
hydrogon-mlnua  Ion  according  to  tho  offcctlvc-inass 
approximation.  Tbo  dashed  lino  la  calculated  for  a bind- 
ing energy  of  \ the  value  calculated  from  tho  effective- 
ness formula.  'Ibo  tompernture-lndopondont  thoory  of 
Erglnsey  (Hot.  8)  la  also  shown  for  comparison  aa  a 
dash-dot  line,  with  A equal  to  unity. 


btUty  wince  U\o  spatial  sUo  of  tho  wave  function  of 
such  stales  will  be  largor  Oran  for  the  mound 
stale,  and  the  expoctod  scattormg  length  will  be 
correspondingly  greater. 

Tho  larger  inubillty  values  found  for  neutral 
scattering  by  arsenic  ImpurHles  in  comparison  to 
antimony  and  phosphorus  are  nol  understood. 
Considering  tho  approximation  Involved  In  treating 
neutral* impurity  scattering  by  the  xero-order 
tart tal- wave  metliod,  one  expects  the  scattering 
cross  section  to  vary  with  the  square  of  the  scat- 
tering length, ,0  taken  to  be  the  effective- mass 
Bohr  radius  In  the  theory  of  Krglnsoy.  Correcting 
the  Bohr  radius  by  tho  quantum- defect  method, 
one  exacts  Ihe  cross  section  to  decrease  as  the 
ratio  of  the  effocllvo-maas  binding  imergv  to  the 
observed  impurity  binding  energy.  This  indicates 
that  Krginsoy's  result  should  be  multiplied  by  1.4. 
1.  5.  and  l.  8 to  calculate  the  mobility  for  antimony, 
phosphorus,  and  arsenic,  respectively.  This  Is 


in  fair  agreement  with  the  averaged  computer- 
fitted  values  found  for  A in  Table  VI,  in  the  case  of 
antimony  and  phosphorus,  but  not  in  good  agree- 
ment for  arsenic-doped  sample?.  We  cannot  ex- 
plain this  result. 

V.  SUMMARY  AND  CONCLUSIONS 

Carrier- concentration  analysis  and  mobility 
analysis  have  been  shown  to  give  excellent  agree- 
ment In  determining  the  density  of  compensating 
acceptor  impurities  ins-type  when  the 

strength  of  neutral- impurity  sea:  -.ring  was  weak 
to  moderate  by  comparison.  In  contrast,  neutral- 
impurity  scattering  has  been  shown  to  be  poorly 
described  by  the  present  theory,  except  for  the 
general  order-of-magnltude  strength  in  the  case  of 
neutral  antimony  and  phosphorus  impurities.  The 
dens  Uy-of- states  effective  mass,  when  fit  aa  a 
parameter  in  the  carrier-cor',entralion  analysis 
of  r«:^tlvoly  pure  samples,  has  been  found  to  agree 
well  wllh  the  values  calculated  from  the  established 
band  structure. 

A quantitative  comparison  of  several  lattice 
scallortng  models,  currently  proposed  In  the 
literature,  has  been  made.  In  particular,  we  havo 
found  that  the  Intcrvhlley  scattering  contributions 
can  be  fitted  to  a model  almost  Identical  to  that 
proposed  by  l/>ng.  This  required  Ihe  inclusion 
of  weakly  couplod  modes  which  are  forbidden  by 
the  8olocUon  rules.  Other  models,  based  chiefly 
on  data  from  photoconductivity  and  radiative  re- 
combination data  have  been  examined.  Alternative 
Interpretations  suggested  U>r  some  of  these  data 
may  lead  towards  a greater  concensus  on  the  ques- 
tion of  Intervalley  scattering  transitions. 
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